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ABSTRACT 

 

Cytidine-5′-triphosphate (CTP) synthase (CTPS) catalyzes the biosynthesis of 

CTP from UTP using either L-glutamine or free NH3 as a substrate. CTP is an essential 

precursor for viral replication; thus, its production has been targeted for the development 

of antiviral agents. With the advent of SARS-CoV-2, one approach for identifying 

therapies for COVID-19 is through the repurposing of existing antiviral drugs. To better 

understand potential off-target effects of repurposed antiviral agents, I analyzed the 

effects of vidarabine-5′-triphosphate (araATP), ribavirin-5′-triphosphate (RBVNTP), 

sofosbuvir-5′-triphosphate (STP), and N4-OH-CTP on Escherichia coli CTPS (ecCTPS) 

activity and filament formation. AraATP and STP were modest substrates for ecCTPS, 

while RBVNTP and N4-OH-CTP activated and inhibited ecCTPS, respectively. N4-OH-

CTP induced filament formation by ecCTPS while STP prevented filament assembly. 

ATPγS was a substrate for ecCTPS and gemcitabine-5′-triphosphate inhibited both the 

wild-type and C268A ecCTPS variants to the same extent. Hence, repurposed antiviral 

drugs could affect intracellular CTP production. 
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CHAPTER 1: INTRODUCTION 

1.1 CTPS IS A UNIVERSALLY CONSERVED ENZYME 

 Enzymes are biological macro-molecules that act as catalysts in living organisms. 

All metabolic processes in the cell require enzymatic catalysis to support basic life. They 

regulate the rate of chemical reactions by lowering the activation energy barrier 

associated with conversion between the reactants and products through favoured binding 

at the transition state. The resulting reduction in the energy of the transition state species 

causes the reaction to proceed at much increased rates compared to the uncatalyzed 

reaction. Enzymes are highly specific; often, they will catalyze reactions of only a single 

substrate or a few closely related substrates. The function of the enzyme is determined by 

its structure and active site architecture.  

 Cytidine-5′-triphosphate (CTP) synthase (CTPS, EC 6.3.4.2), also known as UTP-

ammonia ligase, is a universally conserved enzyme that catalyzes the de novo 

biosynthesis of CTP. CTP can be incorporated directly into RNA via RNA polymerases, 

or DNA following ribonucleotide reductase-catalyzed conversion to 2′-deoxyCTP 

(dCTP) (Abeles & Beck, 1967). Consequently, all forms of life require CTP and CTPS. 

The de novo biosynthesis of CTP was first described experimentally using an 

extract of Escherichia coli (E. coli), in which CTP was generated from ATP, UTP, Mg2+, 

and NH3 (Lieberman, 1956). Since CTPS was first isolated from E. coli and characterized 

by Long and Pardee (Long & Pardee, 1967), it has been studied further by many groups 

due to its important role in pyrimidine biosynthesis. CTPS has been purified from other 

organisms including Anoxybacillus gonensis G2 (Sandalli et al., 2013), Caulobacter 

crescentus (Ingerson-Mahar et al., 2010), Chlamydia trachomatis (Wylie, Berry, et al., 
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1996), Drosophila melanogaster (Strochlic et al., 2014), Lactococcus lactis (Jørgensen et 

al., 2003), Plasmodium falciparum (Yuan et al., 2005), Saccharolobus solfataricus 

(Lauritsen et al., 2011), Saccharomyces cerevisiae (Yang et al., 1994), Thermus 

thermophilus (Goto et al., 2003), Trypanosoma Brucei (Hofer et al., 2001), Mus 

musculus (Kizaki et al., 1985), Bos taurus (Weinfeld et al., 1978), and Homo sapiens 

(Kursula et al., 2006), though the E. coli enzyme (ecCTPS) remains the most thoroughly 

studied to date. CTPS amino acid sequences are conserved between species and isoforms 

(Tatusov et al., 2001). Indeed, the ecCTPS amino acid sequence shares 40% identity and 

60% similarity with human CTPS (hCTPS1) and X-ray crystal structures show 

conservation of structurally and functionally important residues (Endrizzi et al., 2004; 

Kursula et al., 2006; Yamauchi et al., 1990). 

 

1.2 METABOLIC ROLE OF CTPS 

 CTPS catalyzes the final step in the de novo pathway of pyrimidine nucleotide 

biosynthesis (Figure 1.1). The conversion of UTP to CTP is the rate-limiting step in the 

formation of cytosine nucleotides and is therefore an important regulatory control point in 

pyrimidine biosynthesis (Evans & Guy, 2004). CTP plays a critical role in cellular 

metabolism, serving as precursors for the biosynthesis of RNA, DNA, and CDP-

diacylglycerol (Chang & Carman, 2008), which is necessary for the assembly of cell 

membranes.  
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Figure 1.1. Schematic overview of de novo pyrimidine biosynthesis of UTP and CTP.  
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CTPS is subject to multiple forms of allosteric regulation, which control the rate 

of conversion of UTP to CTP and indirectly, the rate at which CTP is incorporated into 

RNA (Lunn et al., 2008). Guanosine-5′-triphosphate (GTP) is a purine nucleotide that 

acts as an allosteric activator to strongly promote the hydrolysis of L-glutamine (Gln), but 

also inhibits Gln-dependent CTP formation at high concentrations (Lunn et al., 2008); 

thus, GTP acts as a modulator of pyrimidine nucleotide levels. The reaction product, 

CTP, also acts as an inhibitor, since the CTP-binding site overlaps with the UTP-binding 

site with the 5′-triphosphate binding site being common to both ligands (Endrizzi et al., 

2005). 

 The activity of ecCTPS is also regulated through cooperative binding of its 

substrates. ATP, UTP, and GTP bind cooperatively to CTPS in a concentration-

dependent manner (Long & Pardee, 1967); high GTP concentrations inhibit CTP 

formation through the uncoupling of Gln hydrolysis and CTP synthesis (Lunn et al., 

2008; MacDonnell et al., 2004). Interestingly, despite GTP’s activating role when Gln is 

the substrate, it offers little catalytic advantage when ammonia is the substrate (Levitzki 

& Koshland, 1972b). In contrast, mammalian CTPS does not exhibit cooperativity for 

any of its ligands, however, GTP is still a positive allosteric effector of the glutaminase 

reaction (Savage & Weinfeld, 1970). Despite differences in the effects of allosteric 

regulators on CTPS from bacteria and mammalian sources, CTPS plays a critical role in 

the biosynthesis of pyrimidines in all forms of life. 

 

1.3 CLINICAL SIGNIFICANCE 
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The disorders associated with pyrimidine metabolism are unusual in their variety 

of clinical presentations; the inherited defects often manifest as hematologic, 

neurological, and developmental disorders (Nyhan, 2005). Symptoms such as seizures 

may present shortly after birth, particularly when an individual is homozygous null for a 

critical enzyme in the pathway (Micheli et al., 2011). Although multiple systems are 

affected by pyrimidine metabolism disorders, diagnosis of such cases can be challenging. 

Upregulated CTPS activity has been observed in various solid tumours including 

kidney and liver in both humans and rodents (Kizaki et al., 1980). In a Chinese hamster 

ovary cell model of leukemia, mutations in CTPS have resulted in resistance to cytotoxic 

drugs such as cytosine arabinoside (Whelan et al., 1994). Interestingly, such mutations 

were not found in human patients with cytosine arabinoside resistance (Whelan et al., 

1994), indicating that the mutation at these sites in the human CTPS gene (PyrG) is not a 

major mechanism for cytosine arabinoside resistance in patients with acute leukemia and 

alternative mechanisms to resistance are possible. 

CTPS is a recognized target for the development of antiviral agents (De Clercq, 

1993; Kang et al., 1989). The RNA-dependent replication and transcription in severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) utilizes a critical set of 

pyrimidine-related metabolic pathways to access the pool of nucleotide-5ʹ-triphosphates 

(Lucas-Hourani et al., 2013). CTP is the least abundant nucleotide in cells (Traut, 1994), 

thus, replication is dependent on the anabolism of cytosine-containing nucleotides, 

especially CTP (Cluzel et al., 2020; Danchin & Marlière, 2020; Ou et al., 2020). As a 

result, the integrity of the viral genome is highly sensitive to intracellular CTP pool 

levels. Reduction in the CTP pools can be achieved by inhibiting CTPS, which catalyzes 
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the rate-limiting step in the de novo biosynthesis of CTP in human host cells (van 

Moorsel et al., 2000).  

Several accounts of CTPS inhibition by use of nucleotide and Gln analogues have 

been shown to potentiate the action of anti-HIV-1 drugs lamivudine (Dereuddre-Bosquet 

et al., 2004) and 2′,3′-dideoxycytidine (Gao et al., 2000) in activated peripheral blood 

mononuclear cells. The ability of nucleotide-based CTPS inhibitors to act as antiviral 

agents and augment the effects of other antiviral agents suggests that such inhibitors may 

be valuable drug candidates for the treatment of SARS-CoV-2. The inhibition of CTPS 

may potentiate the effect of other antiviral therapies targeting COVID-19 infections by 

reducing intracellular CTP pools.  

 CTPS has been observed to aggregate into macromolecular filamentous structures 

also known as cytoophidia (Chang et al., 2017). The presence of such filaments have 

been reported in various human cancer tissues including colon, liver, and prostate cancers 

(Sun & Liu, 2019). Given the observations of upregulated CTPS and filamentous 

structures in various cancers, this enzyme is a clinically significant target for drug 

development. Studies on the structure and mechanism of CTPS may provide novel ways 

to disrupt its function or regulation, which would be beneficial in the design of new 

anticancer and immunosuppressive drugs. 

 

1.4 STRUCTURE 

1.4.1 General Structure 

 The X-ray crystal structure of ecCTPS (PDB: 1S1M) was determined in 2004 and 

provided considerable information regarding the structure and function of the enzyme 
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(Endrizzi et al., 2004). Wild-type ecCTPS consists of a single polypeptide chain of 545 

amino acids with a calculated weight of 60,374 Da. It consists of two major domains: the 

C-terminal glutaminase domain (residues 287-544) and the N-terminal synthase domain 

(residues 1-266). The domains are connected by a ~25-Å gated tunnel (residues 267–286) 

that functions to transport ammonia from the glutaminase domain to the synthase domain 

(Endrizzi et al., 2004; McCluskey & Bearne, 2018b). The binding sites for substrates 

(Gln, ATP, and UTP) and products (CTP and ADP), were evident in the structure, 

however the binding site for the allosteric activator (GTP) was not observed (Barry et al., 

2014; Levitzki & Koshland, 1972b). 

In the absence of ligands, apoCTPS exists as a homodimer under physiological 

conditions (Koshland & Levitzki 1974). While dimers maintain some glutaminase 

activity, tetramerization is required for CTP production (Levitzki & Koshland, 1972a). 

ATP and UTP act synergistically to induce tetramerization, though high concentrations of 

either NTP substrate alone can induce oligomerization in the absence of the other 

(Levitzki & Koshland, 1972a). The glutaminase domains are located away from the 

interfaces and are not affected by the oligomeric state (Figure 1.2) (Lauritsen et al., 

2011). The ATP-binding site and CTP-binding site in the synthase domain are located at 

the tetramer interface; it is for this reason that ATP and UTP are required for 

tetramerization (Lauritsen et al., 2011).  
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Figure 1.2. Crystal structure of the ecCTPS homodimer and homotetramer. In the 

ecCTPS dimer, the two protomers interact via contacts in the synthase domains (pale 

cyan) of the A and B subunits (A). Linker domains (wheat) connect the synthase domain 

to the glutaminase domain (salmon). The homotetramer consists of four subunits (A, B, 

A′, and B′) (B). (PDB: 2AD5). Images were rendered using PyMOL v. 2.3.2. 
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1.4.2 GTP-binding site 

Rudimentary modelling of GTP into the ecCTPS crystal structure revealed a 

putative GTP-binding site over the top of a 'vestibule' near the opening of the NH3 tunnel 

in the glutaminase domain (Endrizzi et al., 2004), although bound GTP has never been 

directly observed in any CTPS X-ray crystallographic or cryo-EM study until recently. 

Liu and colleagues (X. Zhou et al., 2021) presented the structural confirmation of the 

location of the GTP-binding site in CTPS from Drosophila melanogaster (dmCTPS) 

using 6-diazo-5-oxo-L-norleucine (DON) as a Gln substitute. Although CTPS isoforms 

from various organisms differ slightly in structure and function, the GTP-interacting 

residues in dmCTPS are conserved in ecCTPS (X. Zhou et al., 2021). The GTP-binding 

site in dmCTPS is located at a cleft between the glutaminase and synthase domain (S. 

Zhou et al., 2021), similar to the predicted GTP-binding position in ecCTPS (Endrizzi et 

al., 2004). 

hCTPS1 resembles a ‘open’ state when bound to CTP (Lynch et al., 2017; Lynch 

& Kollman, 2020). Interestingly, Pasca et al. (Mori et al., 2015) solved the structure of 

Mycobacterium tuberculosis CTPS with two UTP-bound molecules; one at the UTP-

binding site and the other at the ATP-binding site. Similar to CTP-bound hCTPS1, this 

structure assembled a similar ‘open’ state (Mori et al., 2015). Given the position of bound 

GTP in dmCTPS (X. Zhou et al., 2021), and the binding of two UTP molecules in 

Mycobacterium tuberculosis CTPS (Mori et al., 2015), it was suggested that the open-to-

closed structural transition is likely due to binding of ligands at the synthase domain, as 

previously suggested by Kollman and colleagues (Lynch et al., 2017; Lynch & Kollman, 

2020). Liu et al. (X. Zhou et al., 2021) found that the distance between both sides of the 
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cleft, in which GTP binds dmCTPS, varies greatly in closed and open states of CTPS, 

likely due to binding of ligands at the synthase domain. In dmCTPS, the binding of ATP 

and/or UTP triggers the open-to-closed transition and thereby alters the conformation of 

the cleft to create the GTP-binding site (X. Zhou et al., 2021). Conversely, while 

dmCTPS returns to the open state, the GTP can no longer bind with dmCTPS.  

At the proposed dmCTPS GTP-binding site, the guanine base of GTP interacts 

with Leu 444 of the binding monomer and Leu 107 of an adjacent monomer (X. Zhou et 

al., 2021) (Figure 1.3). The oxygen of the guanine base interacts with the ε-nitrogen of 

Arg 481 through a hydrogen bond. Additionally, a π–π interaction between the guanine 

ring and Phe 373 is apparent (X. Zhou et al., 2021). The binding of DON stabilizes Phe 

373, suggesting that the presence of Gln or Gln analogs at the binding site is a 

prerequisite for the observation of bound GTP (X. Zhou et al., 2021). The ribose ring of 

GTP interacts with Arg 479 and Phe 50 of an adjacent monomer through hydrogen bonds 

between the O2 and O3 and the amino acids, respectively (X. Zhou et al., 2021). The 

triphosphate moiety also forms three hydrogen bonds with Lys 306, Tyr 307, and Arg 

376 (X. Zhou et al., 2021). Point mutations at Arg 359 of Lactococcus lactis CTPS 

(Willemoës et al., 2005) and Leu 109 of ecCTPS greatly impede the Gln-dependent CTP 

synthesis in the presence of GTP (Lunn & Bearne, 2004). The corresponding residues of 

these two points of dmCTPS are Arg 376 and Leu 107, both of which were shown to 

directly interact with GTP (X. Zhou et al., 2021). 
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Figure 1.3. The GTP-binding site in dmCTPS is located on a cleft between the 

synthase and glutaminase domains. Residues in the glutaminase domain (salmon) make 

up most contacts with GTP. The synthase domain (light cyan) contains L107 which is 

proposed to interact with the guanine base. Atoms are colored as green (carbons), red 

(oxygen), blue (nitrogen), orange (phosphorous), and green (magnesium). (PDB: 7DPT). 

Image was rendered using PyMOL v. 2.3.2. 
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1.4.3 ATP-binding site 

The synthase active site, in which UTP phosphorylation and displacement by 

ammonia occurs, resides in a large crevice, of which the walls are contributed by three 

different subunits (Figure 1.4.A) (Endrizzi et al., 2004). Subunit A provides most of the 

ATP- and UTP-binding determinants with subunits B and A′ providing a few additional 

nucleotide-binding determinants (Endrizzi et al., 2004). The ADP ribose ring observed in 

the structure of the product complex is sandwiched between the Ile 20 side chain and Ala 

182 from the B subunit (Endrizzi et al., 2005). This direct contact, combined with the 

extensive interactions with loop residues 176–187 from the adjacent subunit, are 

consistent with the role of ATP in inducing tetramer formation (Endrizzi et al., 2005). 

Interestingly, when the enzyme is in its filament form, such inferences are disputed as all 

active sites are solvent accessible, and UTP, ATP, and Gln can freely diffuse to and from 

their binding sites (Barry et al., 2014). Additionally, CTP alone is capable of inducing 

filaments of stacked tetramers, indicating that ATP and UTP are not essential for the 

transition of dimer to tetramer. More specifically, with respect to bound ADP, the ribose 

O4′ atom is bound via a water-mediated hydrogen bond to Ser 15 and Arg 211, whereas 

the 2′- and 3′-hydroxyl groups have no direct protein contacts. The diphosphate moiety is 

bound via a network of main chain and side chain hydrogen bonds (Endrizzi et al., 2005). 

The β-phosphate forms H-bonds with the backbone amides of residues Ser 15, Gly 17, 

and Lys 18, while the α-phosphate forms H-bonds with the backbone amides of Gly 19 

and Ile 20 (Figure 1.4.B) (Endrizzi et al., 2005).  
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Figure 1.4. ATP/ADP-binding site in ecCTPS. ADP, and magnesium are bound in a 

crevice comprised of three subunits of the tetramer: A (wheat), B (pale green), and A′ 

(yellow) (A). Specific binding interactions of the ADP phosphate moiety (S15, G17, K18, 

G19, and I20) and proposed catalytic residues of the ATP γ-phosphate (E140 and D72) 

are shown (B). (PDB: 2AD5). Images were rendered using PyMOL v. 2.3.2. 
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The magnesium ion that activates the ATP γ-phosphate for transfer to O4 of UTP 

bridges the β-phosphate and the proposed catalytic residues Glu 140 and Asp 72 (Figure 

1.4.B) (Endrizzi et al., 2004, 2005). 

Though the ADP/ATP-binding site in ecCTPS was well-characterized by Baldwin 

and colleagues (Endrizzi et al., 2004, 2005), there was still merit in probing this site, 

especially considering that ATP-binding likely induces changes in conformation. Bearne 

and co-workers (MacLeod et al., 2006) investigated the specific interactions in the ATP-

binding site of ecCTPS with the affinity label 2′,3′-dialdehyde adenosine 5′-triphosphate 

(oATP). ecCTPS was labeled using [2,8-3H]oATP and subsequently subjected to trypsin-

catalyzed proteolysis. Tryptic peptides were separated and analyzed using N-terminal 

sequencing. Lys 306 in the glutaminase domain was found to be modified by oATP, 

supporting structural data that demonstrates close proximity of Lys 306 to the 2′- and 3′-

hydroxyl groups (Endrizzi et al., 2005). Kinetic investigations indicated that Lys 306 is 

not essential for ATP-binding but plays a role in the conformational changes that mediate 

interactions between the ATP-binding site and the glutaminase domain (MacLeod et al., 

2006).  

 

1.4.4 CTP-binding site – Cytosine Ring 

 The CTP-binding site has been well characterized by Baldwin and colleagues 

(Figure 1.5) (Endrizzi et al., 2004, 2005). The cytosine and ribose moieties are 

accommodated by an “induced fit” protein rearrangement that involves an inward 

rotation of the side chains of Asp 147, Ile 148, and Glu 149 rotate and an inward shift of 

Ile 116 (B′) from an adjacent subunit (Endrizzi et al., 2005). This creates the cytosine 
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ring-binding pocket, while the Gln 114 side chain from subunit B′ is rotated to both 

provide space and pack against the ribose ring (Endrizzi et al., 2005). Main chain amides 

from α-helical loop residues Ile 148 and Glu 149 donate hydrogen bonds that recognize 

the O2 and N3 acceptors in the cytosine ring, while the Asp 147 carboxylate provides 

favorable stacking interactions for the electron-deficient pyrimidine ring (Endrizzi et al., 

2005). The N4 exocyclic atom is not directly contacted by the enzyme, however, a water-

mediated hydrogen bond to the Gly 146 carbonyl oxygen provides potential recognition 

of N4 (Endrizzi et al., 2005). The cytosine C5 and C6 atoms are proximal to Phe 227 from 

subunit A′ (Endrizzi et al., 2005), which has an apparent role in the polymerization of 

ecCTPS tetramers (Lynch et al., 2017; McCluskey & Bearne, 2018a) (vide infra). The 

CTP ribose packs against Glu 149 and residues 114–116 from subunit B′, whereas the 

triphosphate moiety makes extensive protein contacts via a network of polar interactions, 

provided primarily by the noncrystallographically-related “dissociable” subunit (Endrizzi 

et al., 2005). 
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Figure 1.5. ecCTPS residues interacting with the cytosine ring of CTP. CTP is bound 

in a crevice comprised of three subunits of the tetramer: A (wheat), A′ (yellow), and B′ 

(pale cyan). Residues identified as forming interactions with the cytosine ring are 

indicated and atoms are colored as green (carbons), red (oxygen), blue (nitrogen), and 

orange (phosphorous). Residues identified as forming interactions with the ribose ring 

and/or triphosphate moiety are not indicated for clarity. (PDB: 2AD5). Image was 

rendered using PyMOL v. 2.3.2. 
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1.4.5 UTP-binding site 

CTP competitively inhibits UTP binding (Long & Pardee, 1967) and is isosteric 

to UTP. However, drug resistance mutations that reduce CTP binding in Saccharomyces 

cerevisiae CTPS do not interfere with UTP binding, but actually increase the catalytic 

efficiency (Ostrander et al., 1998), and are located away from the predicted catalytic site 

where the uracil ring is located (Endrizzi et al., 2004). The mechanism by which ecCTPS 

can differentiate between CTP and UTP has been characterized by probing the active site 

of ecCTPS variants (Simard et al., 2003), analysis of substrate specificity (Scheit & 

Linke, 1982), and analysis of crystal structures (Endrizzi et al., 2004, 2005). 

There are structural data available for UTP-bound hCTPS1 (PDB: 7MGZ, 7MIF, 

and 7MIG), hCTPS2 (PDB: 7MII and 7MIH), mCTPS1 (PDB: 7MIP), mCTPS2 (PDB: 

7MIU) (Lynch et al., 2021), and Mycobacterium tuberculosis CTPS (PDB: 4ZDK and 

4ZDJ) (Mori et al., 2015). Although ecCTPS has not yet been crystalized with UTP as a 

ligand, Baldwin and colleagues (Endrizzi et al., 2004) inferred the location of the UTP-

binding site by residue conservation with other CTPSs, steric restrictions, the location of 

the interfacial anion-binding site that is well-placed to interact with the UTP γ-phosphate, 

and structural analogy to the diaminoperlargonic acid (DAPA) substrate location in 

dethiobiotin synthetase (DTBS), a structural homologue of the CTPS N-terminal domain. 

Conserved residues Pro 43, Tyr 44, and His 57 line the pocket binding uracil 

(Endrizzi et al., 2004). A P-loop-like structure, composed of conserved residues Lys 187, 

Thr 188, and Lys 189, is reasonably placed to interact with the UTP γ-phosphate 

(Endrizzi et al., 2004). Consistent with this, Lys 187 is protected from proteolysis in the 

presence of UTP and the K187A substituted enzyme does not synthesize CTP (Simard et 
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al., 2003). The putative location of the β-phosphate is proximal to side chains of Asp 147, 

Lys 189, Gln 192, and Lys 223 (Endrizzi et al., 2004). Gln 149 and Thr 112 and Gln 114 

from an adjacent subunit (A′) appear to be positioned to recognize the ribose moiety. The 

side chain of His 118 from subunit A′ helps position the Thr 112 and Gln 114 positions 

through main chain hydrogen bonds (Endrizzi et al., 2004).  

 

1.5 MECHANISM AND FUNCTION 

Glutamine amidotransferases are a family of enzymes that catalyze the hydrolysis of Gln 

as a nitrogen source and subsequently transfer the ammonia to another substrate, thus 

creating a new carbon-nitrogen bond. Glutamine amidotransferases can exist either as 

single polypeptides or as domains in much larger multifunctional synthase proteins. 

Class-I glutamine amidotransferases are defined by a conserved catalytic triad for the 

hydrolysis of Gln, consisting of cysteine, histidine, and glutamate (Weng & Zalkin, 1987) 

(Figure 1.6).   

CTPS catalyzes the hydrolysis of Gln and uses the nascent ammonia for 

catalyzing the amination of UTP to yield CTP. The enzyme’s mechanism can be 

partitioned into two half-reactions occurring in two domains: the amide hydrolysis in the 

glutaminase domain, and the amination of UTP in the synthase domain. Ammonia travels 

from the glutaminase domain to the synthase domain via a ~25-Å gated tunnel (Endrizzi 

et al., 2004; McCluskey & Bearne, 2018b). Alternatively, exogenous ammonia can be 

used as a substrate and is proposed to enter the enzyme near the gated tunnel in the 

glutaminase domain and subsequently react with UTP in a similar manner as Gln-derived 

ammonia.  
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Figure 1.6. Proposed mechanism of the CTPS-catalyzed glutaminase reaction. CTPS utilizes a class-I glutaminase domain to 

generate L-glutamate through the formation of two tetrahedral intermediates (Endrizzi et al., 2004; Goto et al., 2004). 

1
9
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Ammonia derived from Gln travels through a gated-tunnel to the synthase domain 

(Figure 1.7). The tunnel has a constriction formed by Pro 54, His 57, and Val 60 in 

ecCTPS (Endrizzi et al., 2004). McCluskey and Bearne (McCluskey & Bearne, 2018b) 

described the effects of “pinching” the tunnel by substituting various residues for the gate 

using site-directed mutagenesis. They showed that upon substitution of Val 60 by a 

bulkier residue (V60F), the passage of ammonia was impeded. Catalytic activity of the 

Gln-dependent CTP formation was reduced slightly, however, the variant was not able to 

catalyze CTP formation with exogenous ammonia as a substrate (McCluskey & Bearne, 

2018b). Furthermore, GTP was required for the utilization of exogenous NH3 by the 

V60F variant even though GTP normally inhibits NH3-dependent CTP formation (Lunn 

et al., 2008; McCluskey & Bearne, 2018b). The requirement for GTP, and the alleged 

proximity of its binding site to Val 60, suggested that GTP could induce a conformational 

change in the vicinity of the gate to facilitate NH3 transport (McCluskey & Bearne, 

2018b). 

His 57, near the end of this tunnel, plays a key role in regulating the diffusion of 

ammonia through to the synthase domain. In the crystal structure, the His 57 side chain 

has two distinct conformations: one in which the residue’s side chain is adjacent to the 

UTP-binding site to allow for exit of ammonia from the tunnel (Endrizzi et al., 2004). 

The other arrangement blocks the tunnel, thus, preventing ammonia molecules from 

entering the synthase domain (Endrizzi et al., 2004). This suggested that His 57 acts as a 

gate for the ammonia tunnel. 
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Figure 1.7. Mechanism of CTPS with either L-glutamine or exogenous ammonia as a substrate. GTP-dependent hydrolysis of L-

glutamine occurs in the C-terminal glutaminase domain (salmon). Ammonia travels through the NH3 tunnel to the N-terminal synthase 

domain (light cyan), where it reacts with ATP-activated UTP to form CTP. Exogenous ammonia (dark blue) is illustrated as an 

alternative substrate where it is proposed to enter the enzyme near the NH3 tunnel in the glutaminase domain and react with the 

activated UTP in a similar manner to Gln-derived ammonia. CTPS is susceptible to feedback inhibition in the synthase reaction. 
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During catalysis of the initial phosphorylation reaction in the tetramer, the 

magnesium ion activates ATP's γ-phosphate for transfer to the O4 of UTP; thus, the metal 

ion is essential for the catalytic efficiency of CTPS. Although Mg2+ is the most efficient 

metal ion at supporting catalysis, Co2+ and Mn2+ can be substituted at concentrations 

below 1.0 mM (Robertson & Villafranca, 1993).  

After ammonia travels through the tunnel, it reacts with UTP that has been 

activated by ATP-dependent phosphorylation in the synthase domain (Figure 1.7). ATP 

binds in a cleft such that the γ-phosphate is positioned at the exit of the NH3 tunnel 

(Endrizzi et al., 2004; Lynch et al., 2017). The reaction involves the activation of the O4 

of UTP through phosphorylation from ATP to produce a 4-phospho-UTP intermediate 

compound (von der Saal et al., 1985). This intermediate undergoes nucleophilic attack by 

ammonia, to yield the final product, CTP. The E. coli enzyme is highly specific for the 

substrate UTP and has been observed to utilize only a few other UTP analogues 

chemically modified at the uracil, ribose, or 5′-triphosphate moieties as substrates 

(McCluskey et al., 2016; Pappas et al., 1999; Scheit & Linke, 1982). 

 

1.6 FILAMENT FORMATION BY ecCTPS 

 The oligomerization of non-cytoskeletal enzymes into filaments has been a known 

phenomenon for years; however, only recently has the discovery of the enzyme self-

regulation by filaments become appreciated (Park & Horton, 2019). As protein 

crystallography became a more routine tool in enzymology, analysis of filament 

formation was essentially suspended. However, in 2009, the discovery of enzymes with 

fluorescent proteins or antibodies self-assembling into filaments in cells when viewed 
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using confocal microscopy regenerated the interest of many researchers (Park & Horton, 

2019). These membrane-less, reversibly forming subcellular structures have been 

observed to respond to cellular stress, as well as activators and inhibitors that typically 

inhibit the enzyme (Park & Horton, 2019). Filament formation by CTPS is of interest 

because of its contribution to regulation of the conversion of UTP to CTP and pyrimidine 

metabolism overall. 

 Filament formation by bacterial CTPS is thought to sequester the enzyme into 

repeating units of reversibly inactivated tetramers (Figure 1.8.A). Due to the overlapping 

UTP- and CTP-binding sites, upon increased levels of UTP, filaments disassemble to 

accommodate the metabolic needs of the cell (McCluskey & Bearne, 2018a). The activity 

of CTPS filaments differs slightly amongst various organisms. CTPS filaments arising 

from bacterial sources bind CTP and form an inactive enzyme filament (Lynch et al., 

2017). Interestingly, the two human isoforms, hCTPS1 and hCTPS2 behave differently 

from one another, and from bacterial CTPS: filaments of hCTPS1 maintain an active, 

substrate-bound state, whereas filaments of hCTPS2 dynamically switch between 

substrate- and product-bound states in response to the metabolic requirements (Lynch et 

al., 2017). All CTPS filaments are formed by the stacking of tetramers, but differences 

arise in the conformation of the tetramers and, therefore, the interfaces between tetramers 

(Park & Horton, 2019). ecCTPS tetramers can self-assemble and this process is promoted 

by the CTP analogue dF-dCTP (McCluskey & Bearne, 2018a), which suggests that 

nucleotide analogues employed as chemotherapeutic agents may affect the filamentous 

states of enzymes and potentially alter their regulation in vivo.  
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Figure 1.8. ecCTPS tetramers polymerize into filaments. ecCTPS tetramers (various 

colours) interact with one another to form filaments of ≥ 30 nm in length (A). Interactions 

of the α-helices 274–284 of the interdomain linker (B), and 330–336 of the glutaminase 

domain (C) are highlighted in red. (PDB: 5U3C). Images were rendered using PyMOL v. 

2.3.2 



25 
 

  Transition from the apo-state of ecCTPS to the filamentous form reorganizes the 

tetramer interface, compacting the ecCTPS subunits around the bound CTP (Lynch et al., 

2017). The conformational changes are mostly rigid-body motions except for the shift of 

helix 218–228 3.6 Å closer to the bound CTP such that Phe 227 packs against the CTP 

base (Lynch et al., 2017). This shift also repositions Asn 229 at the base of helix 218–

228, creating a new hydrogen-bond network with Arg 158 and Glu 155 across the 

tetramer interface, likely stabilizing the filament conformation (Lynch et al., 2017). Two 

discrete segments constitute the filament assembly contacts: the linker region α-helix 

274–284 (Figure 1.8.B) and the α-helix 330–336 of the glutaminase domain (Figure 

1.8.C) (Barry et al., 2014). The E155K variant cannot assemble filaments (Barry et al., 

2014), likely through resistance to feedback inhibition (i.e., its inability to bind CTP) 

(Trudel et al., 1984). The E277R variant also cannot form filaments (Barry et al., 2014). 

Furthermore, the E149D variant cannot form filaments in the presence of CTP or dF-

dCTP (McCluskey & Bearne, 2018a), emphasizing the importance of ligand-binding at 

the CTP-binding site for filament formation. The F227A variant can not form filaments, 

whereas the F227L variant can (McCluskey & Bearne, 2018a), indicating that a bulky 

hydrophobic residue at the 227-position is sufficient for filament formation. 

 

1.7 INHIBITION OF CTPS 

CTPS is a target of interest for drug design due to its essential role in the de novo 

biosynthesis of pyrimidines. As mentioned previously, CTPS is allosterically regulated 

by the activator GTP and product CTP. Elevated concentrations of GTP inhibit CTP 

formation through the uncoupling of Gln hydrolysis (Lunn et al., 2008; MacDonnell et 
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al., 2004). The CTP-binding site overlaps with the UTP-binding site, thus, the product 

CTP acts as an inhibitor of CTPS (Endrizzi et al., 2005). These forms of allosteric 

regulation occur inevitably, however the enzyme can be inhibited by other means 

including but not limited to nucleoside analogues and Gln analogues (Barry et al., 2014; 

Lunn et al., 2008; McCluskey et al., 2016; Narvaez-Ortiz et al., 2018). 

 Many studies have sought to determine the requirements for designing a potent 

inhibitor of ecCTPS. Bearne and colleagues (Lunn et al., 2008) investigated guanine-

based inhibitors and found that the ribose 5′-triphosphate moiety is unnecessary for 

inhibition. The ribose moiety, however, increased the solubility of the inhibitor (Lunn et 

al., 2008). This finding simplified the future of the design of guanine-based inhibitors by 

limiting them to nucleosides or soluble purine bases (Lunn et al., 2008). It is absolutely 

necessary to have an amino group at the 2-position of the purine ring for activation and 

the substituent at the 6-position should not be an H-bond acceptor as it can allow for 

triphosphorylation in vivo and could generate an activator (Lunn et al., 2008). 

 dF-dCTP induces cell death through a variety of mechanisms and is therefore 

utilized as a chemotherapeutic agent for the treatment of several solid tumors 

(McCluskey et al., 2016). Bearne and colleagues (McCluskey et al., 2016) showed that 

dF-dCTP is a potent competitive inhibitor of ecCTPS with respect to UTP and that its 

binding affinity exceeds that of CTP by ~75-fold. McCluskey and Bearne (McCluskey & 

Bearne, 2018a) also demonstrated the ability of dF-dCTP to induce filament formation in 

solution with lengths up to 30 nm by dynamic light scattering. Gemcitabine is employed 

as a first line treatment of pancreatic cancer, and the active metabolite depleted 
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intracellular CTP levels, potentially limiting the amount of competing intracellular CTP 

(Heinemann et al., 1995) 

 DON is a nonstandard amino acid that is used as an inhibitor to study CTPS and 

other glutaminases. The structure of DON is very similar to Gln, thus, it can bind at the 

Gln-binding site of these enzymes and inhibit them through covalent modification 

(Pinkus, 1977). Gitai and colleagues (Barry et al., 2014) performed filament formation 

studies of ecCTPS with DON and found that DON abolishes both CTP production and 

CTPS polymerization. DON-treated CTPS can still polymerize when CTP is added to the 

solution (Barry et al., 2014), indicating that the enzyme is not able to catalyze the 

conversion of UTP to CTP but can still interact with other tetramers.  

 

1.8 OVERVIEW OF THIS WORK 

In this thesis, investigations focus on (i) how the 5′-triphosphate metabolites of 

specific antiviral agents affect ecCTPS activity and filament assembly, (ii) the role of 

ATPγS as a ligand, and (iii) the inhibition of the C268A variant of ecCTPS by dF-dCTP 

to further our understanding of how dF-dCTP inhibits ecCTPS activity. We determined 

that adenine-arabinofuranoside-5ʹ-triphosphate (araATP or vidarabine-5ʹ-triphosphate) 

and ribavirin-5′-triphosphate (RBVNTP) act as a substrate and allosteric activator, 

respectively, affording a possible mechanism by which CTPS can remain active when 

intracellular pools of substrates are diminished as well as assist in maintaining 

intracellular pools of CTP. Sofosbuvir-5′-triphosphate (STP), an analogue of UTP, was 

also found to be a substrate of ecCTPS, which was aminated to 4-NH2-STP, an additional 

antiviral metabolite. Like UTP, STP demonstrates the ability to prevent filament 



28 
 

assembly, thus, affording a mechanism by which CTPS can remain active in the presence 

of STP. Furthermore, β-D-N4-hydroxycytidine-5′-triphosphate (N4-OH-CTP) was found 

to be a competitive inhibitor of ecCTPS with respect to UTP, though the binding affinity 

was reduced ~ 3.5-fold relative to CTP. 

ATPγS was found to be a potent, competitive inhibitor of ecCTPS with respect to 

ATP, and demonstrated no apparent effects on filament assembly. Finally, the kinetics of 

a C268A ecCTPS variant were determined to investigate the mechanism by which dF-

dCTP exhibits potent inhibition of ecCTPS. The nearly identical kcat, Km, and IC50 values 

for inhibition of wild-type and C268A variants by CTP and dF-dCTP indicate that 

conformational changes alone do not account for the tight-binding exhibited by dF-dCTP. 
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CHAPTER 2: EFFECTS OF THE 5′-TRIPHOSPHATES OF SPECIFIC 

ANTIVIRAL AGENTS ON CTP SYNTHASE ACTIVITY 

  

 

2.1 INTRODUCTION 

2.1.1 Targeting CTPS for the Synergistic Treatment of COVID-19 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel 

coronavirus, was first identified in December 2019 as the cause of a respiratory illness 

designated coronavirus disease 2019, or COVID-19 (Helmy et al., 2020). Rapid 

transmission of COVID-19 has led to a pandemic, causing a dramatic loss of human life 

worldwide and presenting an unprecedented challenge to public health. Coronaviruses are 

enveloped, single-stranded RNA viruses known to mutate rapidly and cross species 

barriers (Decaro et al., 2010; Romano et al., 2020). RNA viruses a have particularly 

complex replication machinery (Lucas-Hourani et al., 2013; Romano et al., 2020), which 

greatly complicates the design of broad-spectrum antiviral agents. Despite the evaluation 

of several therapeutic agents for the treatment of COVID-19, there have been limited 

antiviral agents shown to be effective (Beigel et al., 2020). It has become clear that there 

is an urgent need to develop broad spectrum therapeutic approaches to combat the present 

and future pandemics (Li et al., 2020). 

The use of small molecule antiviral agents offers a promising approach to relieve 

the pressure on the health care system by reducing hospitalizations and mortality rates. 

Drug repurposing is the process of identifying new uses for approved or investigational 

drugs. Examining known antiviral agents presents an effective strategy for identifying 

new uses of approved drugs in a cost-effective and timely manner (Singh et al., 2020). 

Hence, efforts have focused on exploring the efficacy of known antiviral compounds, 
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such as remdesivir, favipiravir, ribavirin, lopinavir, and ritonavir, with remdesivir (GS-

5734) being the most promising (Cao et al., 2020; Joshi et al., 2020; Siegel et al., 2017; 

Tong et al., 2020; Wang et al., 2020). This nucleotide analogue is delivered as a prodrug 

and subsequently metabolized to its respective 5ʹ-triphosphate by the action of 

intracellular kinases. Remdesivir-5ʹ-triphosphate directly inhibits the coronavirus RNA-

dependent RNA polymerase (RdRp) (Gordon et al., 2020) and was shown to decrease the 

median recovery time of patients with COVID-19 infections (Beigel et al., 2020). 

Nucleoside-5ʹ-triphosphate analogues compete with endogenous nucleotide substrates for 

the viral RdRp, which then incorporates the analogues into the nascent viral RNA, 

leading to chain-termination. In addition to the direct inhibition of the RdRp of SARS-

CoV-2, synergistic approaches to antiviral therapies are also being considered. One such 

approach is to limit the nucleotide pools available for viral replication, thus starving the 

viral replication machinery. 

SARS-CoV-2 RNA-dependent replication and transcription utilizes a critical set 

of pyrimidine-related metabolic pathways to access the pool of nucleoside-5ʹ-

triphosphates (Lucas-Hourani et al., 2013). Replication is dependent on the anabolism of 

cytosine-containing nucleotides, especially CTP (Cluzel et al., 2020; Danchin & 

Marlière, 2020; Ou et al., 2020), thus, the integrity of the viral genome is highly sensitive 

to the levels of intracellular CTP. Reduction in the CTP pools can be achieved by 

inhibiting CTPS (van Moorsel et al., 2000). Despite acknowledgment of the crucial role 

of pyrimidine-related metabolic pathways, the specific role of CTP in RNA-dependent 

replication and transcription has been overlooked until recently (Ou et al., 2020). 
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CTP plays an integral role in four independent processes, all of which are 

essential for the construction of functional SARS-CoV-2 viral particles (Ou et al., 2020). 

In addition to being one of the four nucleotide precursors required for construction of the 

viral genome, CTP is required for synthesis of the liponucleotide precursors of the viral 

envelope (Bakovic et al., 2007; Danchin & Marlière, 2020; Ostrander et al., 1998). The 

double layer of phospholipids that forms most membranes is derived from cytosine‐based 

liponucleotides. Although the membrane lipid composition differs in the three domains of 

life, the general organization of pathways is similar, in which CTP-dependent enzymes 

catalyze the formation of lipid constituents of the lipid bilayer, which control its shape 

(Cornell & Ridgway, 2015). CTP is also involved in the biosynthesis of active human 

tRNAs via a CTP-dependent nucleotidyltransferase (CCAse) (Wellner et al., 2018). The 

sole function of the CCA-adding enzyme is to maintain and repair the CCA termini in the 

tRNA pool (Lizano et al., 2008). Finally, CTP plays a role in post-translational 

glycosylation of viral proteins (e.g., the spike protein) via the endoplasmic reticulum 

(Shridas & Waechter, 2006). This requires dolichyl-phosphate formed through the action 

of a CTP-dependent dolichol kinase (Shridas & Waechter, 2006). The addition of a 

carbohydrate moiety to the spike protein helps the pathogen evade recognition by the host 

immune system (Grant et al., 2020). Finally, CTP is converted into the natural antiviral 

agent 3-deoxy-3,4-didehydro-CTP (ddhCTP) by the enzyme viperin as part of the innate 

immune response (Rivera-Serrano et al., 2020). Incorporation of ddhCTP causes 

premature termination of RNA synthesis by the RdRp in some viruses (Rivera-Serrano et 

al., 2020). Evidently, survival and replication of SARS-CoV-2 is highly sensitive to the 

cell’s CTP synthesis and regulation. 
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CTPS is a recognized target for the development of antiviral agents (De Clercq, 

1993; Kang et al., 1989). For example, the CTPS inhibitor cyclopentenylcytosine 

(CPEC)-5′-triphosphate (CPEC-TP) exhibits antiviral activity against a wide range of 

viruses including influenza, rhinovirus, parainfluenza, measles, and herpes (De Clercq, 

1993; Kang et al., 1989). Specifically, CPEC-TP leads to a depletion in CTP pools, 

which is closely correlated with the cytocidal activity of CPEC (De Clercq, 1993). 

Despite its antiviral activity, this drug displayed pronounced cardiotoxicity in a phase I 

clinical trial in patients with solid tumours (Schimmel et al., 2007). The inhibition of 

CTPS activity by nucleotide and Gln analogues has been shown to potentiate the action 

of the anti-HIV-1 drugs lamivudine (Dereuddre-Bosquet et al., 2004) and 2′,3′-

dideoxycytidine (Gao et al., 2000) in activated peripheral blood mononuclear cells. The 

ability of nucleotide-based CTPS inhibitors to act as antiviral agents and augment the 

effects of other antiviral agents suggests that such inhibitors may be valuable drug 

candidates for a combination therapy for the treatment of SARS-CoV-2. The inhibition of 

CTPS may potentiate the effect of other antiviral therapies targeting COVID-19 

infections by reducing intracellular CTP pools.  

This chapter explores the effects of the nucleotide analogues adenine-

arabinofuranoside-5ʹ-triphosphate (araATP or vidarabine-5ʹ-triphosphate), ribavirin-5′-

triphosphate (RBVNTP), sofosbuvir-5′-triphosphate (STP), and β-D-N4-hydroxycytidine-

5′-triphosphate (N4-OH-CTP) on the activity of ecCTPS, as well as their effects on 

filament formation by ecCTPS. 
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2.1.2 Vidarabine-5′-triphosphate (araATP) 

 9-β-D-Arabinofuranosyladenine (araA or Vidarabine) is an analogue of adenosine 

in which the D-ribose is replaced by D-arabinose (Figure 2.1). It was first isolated by 

Bergmann and colleagues (Bergmann & Feeny, 1951) in the 1950s from the Caribbean 

sponge Tethya crypta (Tethylidae). Vidarabine is the prodrug of araATP, which was first 

synthesized in 1960 by the Bernard Randall Baker lab at the Stanford Research Institute 

(Lee et al., 1960). The molecule was originally intended as an anti-cancer drug; however, 

antiviral activity against herpes simplex virus and vaccina virus in cell culture was 

discovered shortly after its preparation (Privat de Garilhe & De Rudder, 1964; Schabel, 

1968). Schabel (Schabel, 1968) discovered that araATP has activity against a number of 

other DNA and RNA viruses in cell culture including varicella and herpes marmoset. A 

series of patient studies in 1976 demonstrated that araATP acts as an antiviral agent with 

few toxicity issues (Ch'ien et al., 1976). Because of its anticipated interactions with 

various viral proteins (Min et al., 2020; Mongia et al., 2021; Prajapat et al., 2020; Zhang 

et al., 2020), AraATP has since been of interest as a potential SARS-CoV-2 inhibitor. 
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Figure 2.1. Structures for small-molecule CTPS substrates, activators, or inhibitors. 
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Using large datasets of previously established SARS inhibitors, one can use 

algorithms to predict potential binding of compounds to various proteins of SARS-CoV-

2. Vidarabine was identified as a potential drug to target the 3C-like protease of SARS-

CoV-2 (Zhang et al., 2020). Similarly, molecular dynamics studies predicted vidarabine 

as a top candidate as an inhibitor of the interaction between the SARS-CoV-2 spike 

protein S1 receptor binding domain and the angiotensin-converting enzyme 2 receptor 

(Prajapat et al., 2020). Despite the proposed RNA antiviral activity, in a cell-based 

reporter assay for Middle East respiratory syndrome (MERS)-CoV RdRp activity, 

araATP did not directly inhibit RNA replication in cells (Min et al., 2020). However, 

because vidarabine was identified as a drug candidate targeting other SARS-CoV-2 

proteins, we examined the effect of its 5′-triphosphate metabolite on ecCTPS activity.  

 

2.1.3 Ribavirin-5′-triphosphate (RBVNTP) 

Ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is a purine 

nucleoside analogue with an incomplete purine ring (Figure 2.1). The carboxamide 

moiety of the pseudobase serves as a structural mimic of guanosine and inosine (Prusiner 

& Sundaralingam, 1973). Ribavirin is the prodrug of RBVNTP, which displays broad 

spectrum antiviral activity (De Clercq, 1993; Sidwell et al., 1972). The molecule was 

originally approved for treatment of severe respiratory syncytial virus (RSV) infection in 

children but has since been used for the treatment of several other infections including 

hepatitis C virus (HCV), Middle East respiratory syndrome coronavirus (MERS-CoV), 

and SARS-CoV-2 (Tam et al., 2001). 
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HCV, MERS-CoV, and SARS-CoV-2 are all positive-sense single-stranded RNA 

(+ssRNA) viruses that evoke similar immune responses (Alothaid et al., 2020). The 

amino acid sequence at the active site is highly conserved among their RdRps, suggesting 

that nucleotide analogues used to treat HCV infections might also be effective against 

COVID-19 (Elfiky, 2020a, 2020b; Ju et al., 2020). An understanding of the effects of 

ribavirin on other +ssRNA viruses may contribute to a better understanding of those 

observed with SARS-CoV-2. MERS-CoV has been shown to be sensitive to combination 

therapy with interferon-α2b and ribavirin in rhesus monkeys (Falzarano, de Wit, 

Martellaro, et al., 2013; Falzarano, de Wit, Rasmussen, et al., 2013). It reduces viral 

replication, promotes repair of damaged tissue, and improves clinical outcomes 

(Falzarano, de Wit, Martellaro, et al., 2013; Falzarano, de Wit, Rasmussen, et al., 2013). 

Additionally, chronic HCV patients demonstrated higher virologic responses (the absence 

of detectable viral RNA in blood 6 months after the completion of antiviral therapy) 

when treated with a combination therapy of ribavirin and interferon-α2b versus 

interferon-α2b alone (McHutchison et al., 1998). The exact mechanism responsible for 

the improved response that occurs when ribavirin is combined with interferon is 

unknown. Despite success in combination therapy, a cell-based reporter assay for the 

MERS-CoV RdRp showed ribavirin does not inhibit the RNA replication in cellulo (Min 

et al., 2020). Additionally, when administered to patients with chronic HCV alone, 

ribavirin decreases serum aminotransferase concentrations but has no antiviral effect 

(Bodenheimer et al., 1997; Di Bisceglie et al., 1995; Dusheiko et al., 1996). 

Similarly to araATP, in silico docking studies suggested that RBVNTP could bind 

the SARS-CoV-2 RdRp, thus, disrupting the polymerase function (Elfiky, 2020b). With 
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respect to COVID-19 infections, ribavirin exhibits antiviral activity when in a triple 

combination therapy by alleviating symptoms and shortening the duration of viral 

shedding (Hung et al., 2020). When administered in combination therapy with 

lopinavir/ritnovir and/or interferon-β1b against COVID-19 infection, the median time to 

a negative nasopharyngeal swab test in patients with mild to moderate COVID-19 was 

significantly reduced (Hung et al., 2020; Khalili et al., 2020).  

Interestingly, a retrospective study on patients with severe COVID-19 revealed 

that ribavirin therapy alone was not associated with an improved negative conversion 

time for a SARS-CoV-2 test or an improved mortality rate (Tong et al., 2020). Other 

studies have shown no benefit in patient outcome with administration of a combination 

therapy of ribavirin and interferon-α over either drug individually (Li et al., 2021). In 

fact, in one study (Li et al., 2021), ribavirin treated patients had a higher probability of 

having a hospital stay greater than 15 days. As a caveat, studies have suggested that 

adverse outcomes including anemia, hypomagnesemia, and bradycardia may be 

associated with the use of ribavirin to treat SARS (Muller et al., 2007). Additional studies 

have found that ribavirin antiviral activity and mutagenesis are present only in the face of 

significant cellular toxicity (S. Zhou et al., 2021).  

Ribavirin’s antiviral effects can arise through several mechanisms, including 

inhibition of RNA capping activity, immunomodulatory effects, inhibition of viral 

polymerases, and increased mutational frequency due its incorporation into the RNA 

genome during viral replication (Graci & Cameron, 2006). In vivo, phosphorylation leads 

to the 5′-monophosphate (RBVNMP), 5′-diphosphate, and 5′-triphosphate, with the latter 

often being the major metabolite (Page & Connor, 1990; Zimmerman & Deeprose, 1978). 
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RBVNMP acts as a competitive inhibitor of human inosine-5′-monophosphate 

dehydrogenase (IMPDH) with respect to GMP (Hager et al., 1995; Markland et al., 

2000), leading to depletion of the intracellular pools of GTP, which contributes indirectly 

to ribavirin’s antiviral activity (Graci & Cameron, 2006). Interestingly, the intracellular 

CTP and UTP pools typically increase with ribavirin treatment (Müller et al., 1977; 

Zimmerman & Deeprose, 1978). The concomitant elevation of the CTP pools is 

unexpected considering that GTP is an allosteric activator of CTPS-catalyzed Gln-

dependent CTP formation. Consequently, we assessed the direct effect of RBVNTP on 

CTPS activity.  

Ribavirin promotes the rapid polymerization of the IMPDH protein into 

cytoplasmic filamentous structures termed rods and rings (Carcamo et al., 2011; Ji et al., 

2006). Other drugs that target enzymes upstream or downstream of IMPDH to block 

guanidine-5′-monophosphate (GMP) synthesis induce formation of similar structures 

(Calise et al., 2016; Carcamo et al., 2014). IMPDH and CTPS can assemble into shared 

filamentous structures, constituting mostly independent adjacent segments of the 

structures (Chang et al., 2015; Keppeke et al., 2015). DON and dF-dCTP have been 

reported to induce filament formation by ecCTPS in vitro (Barry et al., 2014; McCluskey 

& Bearne, 2018a). In DON-treated HeLa and COS-7 cells, antibodies detected both 

hCTPS1-based and IMPDH2-based filamentous structures, while ribavirin-treated cells 

only showed the presence of IMPDH2-based structures (Keppeke et al., 2015).  

Despite the existence of several drugs that can induce rods and rings in vitro, 

interferon/ribavirin-treated HCV patients are the only patients to date who developed 

antibodies targeting these structures (Calise et al., 2015). Because of the ability of 
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ribavirin to induce copolymerization of IMPDH2 and CTPS1 in cells, as well as observed 

filament formation of ecCTPS with Gln and nucleotide analogues, we examined the 

effect of RBVNTP on filament formation by ecCTPS. 

 

2.1.4 Sofosbuvir-5′-triphosphate (STP) 

 Sofosbuvir was approved by the Food and Drug Administration in 2013 as a UTP 

analogue for the treatment of chronic HCV infection as part of a combination therapy 

with several other antiviral agents (Bhatia et al., 2014). The standard of care for HCV 

patients up until this point was a combination of protease inhibitors, interferons, and 

ribavirin for up to 48 weeks, which proved unsatisfactory in many cases due to a lack of 

efficacy or adverse effects (Bhatia et al., 2014). In combination with ledipasvir, a direct 

acting antiviral, sofosbuvir demonstrated superior sustained virologic response rates and 

did not require the coadministration of interferons and/or ribavirin (Gritsenko & Hughes, 

2015). Sofosbuvir is metabolized into its active form, (2′R)-2′-deoxy-2′-fluoro-2′-methyl-

uridine-5′-triphosphate (STP) by the action of kinases. Against HCV, STP has been 

shown to mimic the natural substrate of the NS5B polymerase and become incorporated 

into the growing RNA, inducing a chain termination event (Sofia et al., 2010). 

Because of the highly conserved RdRps among +ssRNA viruses, nucleotide 

analogues used to treat HCV infections such as sofosbuvir might also be effective against 

COVID-19 (Elfiky, 2020a, 2020b; Ju et al., 2020). In silico docking studies with the 

SARS-CoV-2 RdRp identified sofosbuvir as a potent drug (Elfiky, 2020a). A structural 

superposition of the SARS-CoV-2 NSP12 polymerase (which possesses an architecture 

common to all viral polymerases (Kirchdoerfer & Ward, 2019)) with sofosbuvir-bound 
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HCV NSP5B demonstrated that the inhibitor can be modeled into active site of the 

SARS-CoV-2 NSP12 without any steric hindrance (Jácome et al., 2020). A multiple 

alignment of several SARS-CoV-2, SARS and MERS-related coronaviruses RdRps 

showed that the sofosbuvir binding residues are conserved in all these viral enzymes 

(Jácome et al., 2020). 

STP is incorporated into RNA by the highly error-prone SARS-CoV-2 RdRp, but 

not by the high-fidelity host DNA polymerase, terminating extension (Chien et al., 2020; 

Ju et al., 2020). In fact, sofosbuvir-terminated RNA resists removal by the viral 

exonuclease proof-reading complex to a greater extent than RNA terminated by the 

antiviral drug Remdesivir (Jockusch et al., 2020). One trial with SARS-CoV-2 infected 

patients showed that administration of sofosbuvir in addition to the standard care 

significantly reduced the duration of hospital stays but did not have any statistically 

significant benefit on mortality (Sadeghi et al., 2020). Some doubts regarding the effects 

of sofosbuvir have been raised since others (Zandi et al., 2020) have found that STP does 

not inhibit SARS-CoV-2 RdRp in a panel of different cell lines, including human 

peripheral blood mononuclear cells. These findings are consistent with the observation 

that sofosbuvir did not inhibit the activity of MERS-CoV RdRp in a cell-based reporter 

assay (Min et al., 2020), and is consistent with the similarity of RdRps from SARS-CoV-

2, SARS and MERS-related coronaviruses based on amino acid sequence alignment data 

(Jácome et al., 2020).  

 With the exception of dUTP (Pappas et al., 1999) and dF-dUTP (McCluskey et 

al., 2016) CTPS is specific for UTP and will not utilize other UTP analogues as 

substrates (Scheit & Linke, 1982). However, such analogues have demonstrated potential 
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as CTPS inhibitors (Scheit & Linke, 1982). To date, the effects of STP on CTPS have not 

yet been explored, however, given the attention focused on sofosbuvir as an antiviral 

drug, we explored the effect of STP on ecCTPS activity and filament formation by 

ecCTPS. 

 

2.1.5 N4-OH-CTP 

 ecCTPS is regulated by product inhibition due to an overlapping binding site for 

UTP and CTP (Endrizzi et al., 2004). When CTP is bound, the enzyme is unable to bind 

UTP and catalyze its conversion to CTP. Thus, CTP analogues, such as CPEC-TP (Kang 

et al., 1989), and dF-dCTP (McCluskey et al., 2016) have been utilized as inhibitors of 

ecCTPS activity. Unfortunately, mutations in CTPS led to the loss of feedback inhibition 

by CTP and resistance to the cytotoxic effects of CPEC (Blaney et al., 1993; Wylie, 

Wang, et al., 1996; Zhang et al., 1993). Additionally, CPEC treatment has been 

associated with cardiotoxic side effects (Schimmel et al., 2007). dF-dCTP is a potent 

competitive inhibitor of ecCTPS with respect to UTP, exhibiting a binding affinity that 

exceeds that of CTP by ∼ 75-fold (McCluskey et al., 2016). CTP, along with dF-dCTP, 

have been reported to induce filament formation by ecCTPS in solution (Barry et al., 

2014; McCluskey & Bearne, 2018a). Although potent inhibition of ecCTPS by CTP 

analogues modified at the ribose moiety have been reported (e.g., dF-dCTP), CTP 

analogues modified at the cytosine base have not yet been identified as potent inhibitors. 

β-D-N4-Hydroxycytidine (NHC) is unique when compared with other cytidine 

analogues (Kang et al., 1989; McCluskey et al., 2016; Scheit & Linke, 1982) because it 

bears an oxime at the 4-position of the nucleobase (Figure 2.1). The nucleoside is 
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phosphorylated in cells to the active 5′-triphosphate, which is incorporated into the 

genome of new virions, resulting in the accumulation of inactivating mutations (Painter et 

al., 2019; Urakova et al., 2018). Using cryogenic electron microscopy structures of apo, 

RNA-bound, and inhibitor-bound SARS-CoV-2 RdRp, NHC was identified as a potential 

nucleoside analogue that binds at the active site of the RdRp (Prussia & 

Chennamadhavuni, 2021). NHC is known to be mutagenic (Negishi et al., 1983; Stuyver 

et al., 2003), it exhibits antiviral activity against multiple coronaviruses, including SARS-

CoV-2 (Sheahan et al., 2020; Zandi et al., 2020). 

NHC was found to be >100-fold more active than ribavirin or favipiravir against 

SARS-CoV-2 in cells, with antiviral activity correlated to the level of mutagenesis in the 

viral RNA (S. Zhou et al., 2021). It also inhibits proofreading by coronavirus RdRp 

(Agostini et al., 2019). Mutagenic nucleoside analogues, such as ribavirin have been 

described as ineffective at inhibiting wild-type coronaviruses due to the proofreading 

activity of the viral 3′-5′ exoribonuclease (Smith et al., 2013). NHC, however, inhibited 

murine coronavirus lacking exoribonuclease proofreading activity similarly to its 

inhibition of wild-type exoribonuclease, suggesting an ability to evade or overcome 

exoribonuclease activity (Agostini et al., 2019). 

 NHC exhibited synergistic antiviral effects with nelfinavir, an antiretroviral 

protease inhibitor, against SARS-CoV-2 in Calu-3 cells (Ianevski et al., 2020). 

Therapeutic and prophylactic administration of the isopropylester prodrug of NHC 

(EIDD-2801, molnupiravir), inhibited SARS-CoV-2 replication in human lung-only mice 

(Wahl et al., 2021). It was shown to reduce the SARS-CoV-2 load in the upper 

respiratory tract of ferrets and completely suppressed the spread of the virus to untreated 
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contact animals (Cox et al., 2021). Molnupiravir also inhibited SARS-CoV-2 

proliferation in a concentration-dependent manner in primary human airway epithelial 

cells (Sheahan et al., 2020). However, based on the stability studies in human and 

monkey whole blood, NHC might not persist long enough in plasma at a physiological 

pH and temperature to deliver significant antiviral levels of NHC into HCV-infected liver 

cells (Hernandez-Santiago et al., 2004). NHC may be converted to uridine and cytidine, 

which is then deaminated to uridine (Hernandez-Santiago et al., 2004). 

The N4 exocyclic nitrogen atom of CTP does not directly interact with ecCTPS. 

Instead, a water-mediated hydrogen bond to the backbone carbonyl oxygen of Gly 146 

provides a potential recognition site (Endrizzi et al., 2005). Preliminary modeling studies 

using the published structure of ecCTPS with bound CTP (Endrizzi et al., 2004) 

suggested and that an enhanced interaction may arise from H-bonding between the N4-

hydroxyl group and Lys 196 (Figure 2.2) (Bearne, S.L., personal communication). 

Tighter binding of N4-OH-CTP to ecCTPS may play a role in the antiviral activity 

exhibited in cells. Because of the potent inhibition of ecCTPS exhibited by other CTP 

analogues, the antiviral activity of NHC, and the proposed enhanced interaction of N4-

hydroxyl group, we explored the effects of N4-OH-CTP on ecCTPS activity and filament 

formation. 
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Figure 2.2. Anticipated additional interaction of N4-OH CTP in active site of 

ecCTPS. This structure is based on a model (Bearne, S.L., personal communication). 

Atoms are colored as green (carbons), red (oxygen), blue (nitrogen), and orange 

(phosphorous). Proposed H-bond distances are displayed in angstroms. Image was 

rendered using PyMOL v. 2.3.2. 
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2.2 MATERIALS AND METHODS 

All materials are described in Chapter 5.1. All methods follow those described in 

Chapter 5 unless otherwise stated. 

 

2.2.1 Assay with Sofosbuvir-5′-triphosphate (STP) as the Substrate 

Kinetic parameters for ecCTPS-catalyzed turnover of STP were determined using 

UV spectrophotometry, by following the change in absorbance at 282 nm (∆ε = 4036 M–1 

cm–1). The extinction coefficient was estimated using β-D-2′-deoxy-2′-α-F-2′-β-C-

methyluridine (PSI-6206, SynInnova, Edmonton, AB) (ε =1858 M–1 cm–1) and β-D-2′-

deoxy-2′-α-F-2′-β-C-methylcytidine (PSI-6130, Toronto Research Chemicals, Toronto) (ε 

=5894 M–1 cm–1) at pH 8.0. Samples were prepared at various concentrations (50, 75, 

100, and 150 μM in assay buffer). The Beer–Lambert law (eqn. 1) was used to solve for 

the extinction coefficients of the individual compounds and the ∆ε was determined, 

where b is the light-path length and c is the concentration of the species. 

 

 𝐴 = ε ⋅ b ⋅ c (1) 

 

Gln-dependent amination of STP was measured using saturating conditions of Gln 

(6.0 mM) and ATP (1.0 mM), and varying amounts of STP (0.025 – 1.000 mM). GTP 

was maintained at a fixed saturating concentration of 0.25 mM in all assays with varying 

concentrations of STP. Additionally, Gln-dependent amination of STP was measured at 

fixed concentrations of STP (1.0 mM) and ATP (1.0 mM), and varying amounts of Gln 

(0.05 – 10.00 mM). Eqn. 3 was fitted to the initial velocity data when STP was the 
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variable substrate, and eqn. 2 was fitted to the initial velocity data when Gln was the 

variable substrate. Non-linear regression analysis was used to determine values of kcat, 

Km, [S]0.5, and n. The reported errors are the standard deviations from three trials. 

 

2.2.2 Analysis of (2′R)-2′-deoxy-2′-fluoro-2′-methylcytidine-5′-triphosphate (4-NH2-

STP) Formation Catalyzed by ecCTPS 

 A product analysis was conducted to show that STP was a substrate for ecCTPS-

catalyzed amination. STP (2.0 mM) was incubated at 37 ℃ in assay buffer containing 

ecCTPS (0.5 μM) in the presence of ATP (1.0 mM) and NH4Cl (150 mM) in a total 

volume of 1 mL. NH4Cl was used as the substrate rather than Gln to avoid the presence 

of an added nucleotide (i.e., GTP) in the analysis. At 5, 15, 30, 60, 120, and 180 min, the 

absorbance at 291 nm was measured and aliquots (100 μL) were removed, and the 

enzyme was removed by centrifugation through a 10-kDa MWCO spin-filter (Millipore). 

The flow-through was submitted for ESI-MS analysis. ESI-MS spectra were collected 

using a Bruker microTOF Focus orthogonal ESI-TOF mass spectrometer operating in 

negative ion mode. The peaks corresponding to substrate and product at each time point 

were integrated using the program Compass Data Analysis software. The intensity and 

area of the peaks were plotted against the time of incubation. 

 

2.2.3 Synthesis and Purification of N4-OH-CTP  

 Triethylammonium bicarbonate (TEAB) buffer (1 M, pH 8.0) was prepared by 

carbonating a solution of triethylammonium (1 M) with CO2 gas at 10 psi for 5 h. N4-OH-

CTP was obtained by reacting CTP with hydroxylamine (pH 5.0) as described by Painter 
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et al. (Painter et al., 2016). The reaction mixture was heated with stirring at 55 ℃ for 5 h 

and then cooled to room temperature prior to addition of TEAB (100 mM, 2 mL). The 

reaction mixture was then subjected to anion-exchange chromatography on DEAE-

Sephadex A-25 (2.5 cm i.d., × 42 cm) and the various nucleotides were eluted using a 

TEAB stepwise gradient (0.1-1.0 M), total volume 2.2 L. Fractions (12 mL) were 

collected using a Retriever II Fraction Collector (ISCO Manufacturing Solutions, Bend, 

OR, USA) and the absorbance of each fraction at 260 nm of each fraction was 

subsequently measured using a HP 8453 UV-visible spectrophotometer. Fractions 

exhibiting elevated absorbance readings at 260 nm were pooled and the solvent was 

removed using rotary evaporation (temperature ≤ 37 ℃). Samples were then suspended 

in water and lyophilized several times until a consistent mass was obtained. Finally, the 

samples were dissolved in water and decolourized by elution through a C18 column 

(Varian, Bond ElutC18) using acetonitrile, followed by elution with water. ESI-MS were 

collected using a Bruker microTOF Focus orthogonal ESI-TOF mass spectrometer 

instrument operating in negative mode. 

For HPLC analysis, a Waters 510 pump and a controller were used for solvent 

delivery. Injections were made using a Rheodyne 7725i sample injector fitted with a 20-

µL injection loop, and a Waters 486 absorbance detector was used to detect nucleotides at 

260 nm. Samples were separated on a 250 × 4.6 mm (5μm) Kinetix C18 column 

(Phenomenex, Torrance, CA, USA) and eluted under isocratic conditions using degassed 

50 mM NH4CO3
– buffer, pH 7.0; containing 2 μM tributylamine and 10% acetonitrile at a 

flow rate of 1.0 mL/min. 
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 1H NMR spectra of samples in D2O were obtained using a Bruker AV 500 MHz 

spectrometer at the Dalhousie University Nuclear Magnetic Resonance Research 

Resource Centre (NMR-3). The concentration of N4-OH-CTP was determined using 1H 

NMR with integration of the H6-proton (  7.17, 7.19 ppm) compared to the integral for 

an internal pyrazine standard at (5.00 mM,   8.61 ppm). 

The presence of the hydroxamic acid group was determined during the synthesis 

by adding a dilute ferric chloride solution to a small amount of sample dissolved in water. 

The formation of a blue, violet, purple, or red-brown color indicates the presence of 

phenols or hydroxamic acids (Reeve, 1958). 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Effects of araATP on ecCTPS Activity 

Though there have been studies investigating UTP analogues as substrates or 

inhibitors of ecCTPS (Kang et al., 1989; McCluskey et al., 2016; Taylor et al., 2008), 

ATP analogues have largely remained understudied with respect to ecCTPS. We 

discovered that araATP is recognized as a substrate in the ecCTPS-catalyzed conversion 

of UTP to CTP. ecCTPS activity was assayed at various concentrations of araATP (0.05 

– 3.00 mM) and ATP (0.05 – 2.00 mM) with Gln and NH3 as the nitrogen sources 

(Figure 2.3). All other substrates were fixed at saturating conditions in accord with 

Table 5.1.  

Comparison of the kinetic parameters (Table 2.1) revealed that the [S]0.5 values 

for ATP and araATP are similar (Gln: [S]0.5
ATP = 0.21 mM and [S]0.5

araATP = 0.14 mM and 

NH3: [S]0.5
ATP = 0.57 mM and [S]0.5

araATP = 0.60 mM). The kcat values (Table 2.1), however, 
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differed substantially (Gln: 𝑘cat
ATP = 11.6 s–1 and 𝑘cat

araATP = 3.1 s–1, and NH3: 𝑘cat
ATP = 8.0 s–

1 and 𝑘cat
araATP= 1.5 s–1). Values of catalytic efficiency were significantly decreased when 

araATP was employed as substrate in both Gln- and NH3-dependent reactions (i.e., ~2.5- 

and 5-fold relative to ATP, respectively) (Table 2.1). These results indicate that, although 

ecCTPS is capable of binding araATP and ATP with similar affinity, the enzyme exhibits 

markedly reduced turnover and efficiency with araATP as a substrate (Figure 2.3). 
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Table 2.1. Kinetic characterization of intrinsic and antiviral nucleoside-5′-triphosphates as substrates and activators of 

ecCTPS 

 Gln-dependent ecCTPS activity NH3-dependent ecCTPS activity 

varied 

ligand 

Km or 

[S]0.5
(a) or 

KA
(b) (mM) 

kcat or 

kact
(c) (s–

1) 

kcat/Km, 

kcat/[S]0.5 

or kact/KA 

(s–1 mM–1) 

n 

Km or 

[S]0.5
(a) 

(mM) 

kcat (s–1) 

kcat/Km or 

kcat/[S]0.5 

(s–1 mM–1) 

n 

Gln(d) 0.25 ± 0.04 10.6 ± 1.1 42.4 ± 8.1 - - - - - 

Gln(e) 0.32 ± 0.03 1.21 ± 0.03 3.78 ± 0.37 - - - - - 

NH3 - - - - 1.72 ± 0.25 10.8 ± 1.7 6.30 ± 1.35 - 

ATP 0.21 ± 0.02(a) 11.6 ± 0.6 55.2 ± 6.0 1.18 ± 0.01 0.57 ± 0.03(a) 8.0 ± 0.1 14.0 ± 0.8 3.0 ± 0.5 

GTP(d) 
0.068 ± 0.019(b) 

kinhib = 0.547 ± 

0.052 

9.2 ± 1.5(c) 135 ± 44 3.1 ± 0.9 - - - - 

UTP 0.200 ± 0.004(a) 8.4 ± 0.1 42.5 ± 1.0 2.17 ± 0.18 
0.767 ± 

0.056(a) 
8.1 ± 0.3 10.56 ± 0.86 1.6 ± 0.1 

araATP 0.14 ± 0.02(a) 3.1 ±0.5 22.1 ± 4.8 1.2 ± 0.1 0.60 ± 0.19(a) 1.5 ± 0.3 2.49 ± 0.68 1.4 ± 0.3 

RBVNTP(d) 2.44 ± 0.92(b) 13.8 ± 2.6(c) 5.6 ± 2.4 - - - - - 

STP 0.20 ± 0.01(a) 1.35 ± 0.03 6.75 ± 0.37 1.09 ± 0.14 - - - - 

(a) [S]0.5 is the nucleotide concentration that yields half-maximal velocity; (b) KA value; (c) kact value; (d) [ATP] = [UTP] 

= 1.0 mM; (e) [ATP] = [STP] =1.0 mM

5
0
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Figure 2.3. Kinetic characterization of ATP and araATP-dependent ecCTPS-

catalyzed CTP formation. Representative plots of Gln-dependent (A) and NH3-

dependent (B) ecCTPS-catalyzed formation of CTP with various concentration of ATP 

() or araATP (). All other substrates were maintained at saturating conditions in 

accord with Table 5.1. The concentration of ecCTPS were 4.7 µg/mL for araATP-

dependent reactions with both Gln and NH3, 4.7 µg/mL for the ATP-dependent reaction 

with Gln as the nitrogen source, and 7.6 µg/mL for the ATP-dependent reaction with NH3 

as the nitrogen source. Eqn. 3 was fitted to the initial velocity data. The results are 

summarized and in Table 2.1. 
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In the synthase domain, the conversion of UTP to CTP proceeds by the ATP-

dependent phosphorylation of UTP on the 4-oxygen atom, making the 4-C position 

electrophilic and susceptible to reaction with ammonia (von der Saal et al., 1985). The 

kinetic data suggest that ecCTPS can utilize araATP as an alternative substrate for this 

phosphorylation. ATP binds in a cleft such that the γ-phosphate is positioned at the exit 

of the NH3 tunnel (Endrizzi et al., 2004; Lynch et al., 2017). Given the activity of 

ecCTPS with araATP, it is likely that the replacement of the D-ribose with D-arabinose in 

araATP does not completely interrupt binding in this cleft. 

 Baldwin and colleagues (Endrizzi et al., 2005) proposed that recognition of the 2′- 

and 3′-hydroxyl groups of ATP is not important since they have no direct contacts with 

the enzyme, although, these groups are proximal to Asp 303 and Lys 306. Furthermore, 

ATP and dATP were equally effective as substrates with UTP, yielding comparable Vmax, 

[S]0.5, and Hill coefficient values (Endrizzi et al., 2005). However, ddATP was not an 

efficient substrate (Endrizzi et al., 2005), indicating an essential role for the 3′-hydroxyl 

group in binding and catalysis, or at least one of the 2′- and 3′-hydroxyl groups.  

The similarity in binding affinity between ATP and araATP is likely attributed to 

the analogous nature of the compounds and Baldwin’s evidence that recognition of the 2′- 

and 3′-hydroxyl groups is not required for binding. However, compared with the D-ribose 

moiety of ATP, the D-arabinose moiety of araATP likely has increased distance between 

its 2′-hydroxyl group and the conserved Asp 303 residue that prevents the formation of an 

H-bond. However, this does not seem to affect binding affinity. Given the similarity of 

kinetic parameters described by Baldwin and colleagues (Endrizzi et al., 2005) of dATP 

to ATP, it could have been predicted that the change in the 2′-hydroxyl would not cause 
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drastically affect binding affinity, however, the marked reduction in turnover was 

surprising. It appears that the change in stereochemistry at the 2′-position is 

disadvantageous to catalysis, likely due to a repositioning of the γ-phosphate so that its 

transfer is no longer favoured or the loss of the H-bond with Asp 303 results in only a 

loss of transition state stabilization required for phosphate transfer. Our observation that 

araATP is a substrate suggests that it is likely that the 3′-hydroxyl group, with the proper 

stereochemistry of the 3′-C, that is required for activity. 

The ability of araATP to replace ATP as a substrate for CTPS had not previously 

been recognized. Overall, these observations suggest that araATP could assist in 

maintaining the intracellular CTP pools, though, to a lesser extent than that of ATP, when 

employed as an antiviral agent. However, the concentration of ATP in mammalian cells 

is 3.2 ± 1.7 mM (Traut, 1994), and it seems unlikely that araATP would reach such 

concentrations to serve as a substitute for ATP in CTPS-catalyzed CTP formation. 

 

2.3.2 Effects of Ribavirin-5′-triphosphate (RBVNTP) on ecCTPS Activity 

The activating effects of GTP have been well studied (Levitzki & Koshland, 

1972b; Lunn et al., 2008; MacDonnell et al., 2004). When Gln is employed as the 

nitrogen source, GTP is required as a positive allosteric effector to promote catalysis of 

Gln hydrolysis. Comparison of the initial velocity data obtained for increasing 

concentrations of GTP or RBVNTP at saturating conditions of ATP, UTP and Gln (in 

accord with Table 5.1) revealed that RBVNTP is an allosteric activator of the Gln-

dependent ecCTPS-catalyzed formation of CTP (Figure 2.4). Eqn. 4 was used to fit the 

initial velocity data for GTP-dependent activation of Gln-dependent ecCTPS-catalyzed 

formation of CTP.  
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Figure 2.4. Kinetic characterization of GTP- and RBVNTP-dependent activation of 

Gln-dependent ecCTPS activity. Apart from GTP and RBVNTP, all other substrates 

were at saturating conditions in accord with Table 5.1. Eqn. 4 was fitted to the steady-

state kinetic data for GTP-dependent activation (). The kact, KA, Kinhib, and n values for 

the GTP-dependent activation were 9.2 ± 1.5 s–1, 0.068 ± 0.019 mM, 0.547 ± 0.052 mM, 

and 3.1 ± 0.9, respectively. Eqn. 5 was fitted to the steady-state kinetic data for 

RBVNTP-dependent activation (). The concentration of ecCTPS were 4.7 µg/mL for 

both GTP- and RBVNTP-dependent activation. The kact and KA values for the RBVNTP-

dependent activation were 13.8 ± 2.6 s–1 and 2.44 ± 0.92 mM, respectively. The results 

are summarized in Table 2.1. 
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Unlike GTP, which exhibits inhibition at concentrations above 0.25 mM, 

RBVNTP did not exhibit inhibition at concentrations up to 1.0 mM, thus, eqn. 5 was 

fitted to the initial velocity data. A representative comparison of the initial velocities 

accompanying GTP- and RBVNTP-dependent activation of Gln-dependent CTP 

formation is presented in Figure 2.4. 

The kinetic data presented here demonstrate that RBVNTP can behave as an 

allosteric activator in a similar manner to that of GTP. Although inhibition of ecCTPS-

catalyzed formation of CTP by RBVNTP was not apparent at concentrations up to 1.0 

mM, inhibition by its traditional allosteric activator, GTP, was observed with a Kinhib of 

0.547 ± 0.052 mM. The kact values for GTP- and RBVNTP-dependent activation were 

comparable (9.2 ± 1.5 s–1 (GTP) and 15.5 ± 4.1 s–1 (RBVNTP)); however, there was a 

~36-fold increase in the KA value for RBVNTP relative to GTP (0.068 ± 0.019 mM 

(GTP) and 2.44 ± 0.92 mM (RBVNTP)), resulting in a 24-fold difference in the catalytic 

efficiencies for activation (135 ± 44 s–1 mM–1 (GTP) and 5.6 ± 2.4 s–1 mM–1 (RBVNTP)). 

This decrease in the catalytic efficiency of activation for RBVNTP relative to GTP 

indicates that the enzyme is able to utilize GTP as an allosteric activator much better than 

RBVNTP, however, it is still important to note that ecCTPS can employ RBVNTP as an 

allosteric inhibitor. Our observation that RBVNTP activates ecCTPS-catalyzed Gln-

dependent CTP formation is surprising because the structural requirements for activation 

are quite stringent, with O6 of GTP being absolutely required for activation (Lunn et al., 

2008). It was previously demonstrated that inosine-5′-triphosphate (ITP) also acts as an 

allosteric activator, but was bound weakly by the enzyme with a KA value of 2.9 mM, 

indicating that the 2-NH2 group contributes significantly to binding (Lunn et al., 2008). 
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Consequently, the carboxamide group of on the pseudobase of RBVNTP can mimic the 

O6 interaction with ecCTPS to afford activation, but the missing part of the purine 

structure diminished the binding affinity similar to ITP. Several studies have 

demonstrated inhibition with GTP (Habrian et al., 2016; MacDonnell et al., 2004), which 

appears to arise because saturation of the enzyme with GTP yields a non-productive 

complex. It is suspected that with increased concentrations of RBVNTP, this complex 

may form as well; however, it is unlikely that the concentration of RBVNTP would ever 

reach such a level in cells. Indeed, the concentration of GTP in mammalian cells is 468 ± 

224 μM (Traut, 1994). Unfortunately, the total absorbance of the reaction mixture, as 

well as the high cost of the compound, precluded examination of the effect of RBVNTP 

at higher (non-physiological) concentrations. Since RBVNTP can replace GTP as an 

allosteric activator of CTPS, it affords a possible mechanism by which ecCTPS can 

remain active if GTP concentrations are markedly reduced due to the depletion of the 

GTP pools arising from the inhibition of IMPDH by RBVNMP. 

Filament-like structures were discovered in human epithelial type 2 cells, in 

which further investigations identified hCTPS1 to be one of two key enzymes enriched in 

such structures (Carcamo et al., 2011). DON, acivicin, and ribavirin, exhibited dose-

dependent induction of filament-like structures in more than 95% of cells in all cancer 

cell lines tested as well as mouse primary cells (Carcamo et al., 2011). Such findings 

encouraged us to investigate the effects of RBVNTP on filament assembly by ecCTPS. 

The ability of GTP and RBVNTP to induce formation of ecCTPS filaments was 

evaluated using GTP or RBVNTP as a replacement for CTP and following previously 

described methods (Chapter 5.5). Few filaments of ecCTPS are apparent in the absence 
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of substrates, suggesting a mechanism by which the enzyme polymerizes upon incubation 

and/or being deposited carbon-coated grids. Neither GTP (Figure 2.5 panel C) nor 

RBVNTP (Figure 2.5 panel D) were capable of inducing filament formation by CTPS at 

concentrations of 1.0 mM. The ability of GTP or RBVNTP to prevent filament formation 

by ecCTPS was evaluated using 1.0 mM of CTP and GTP or RBVNTP. As shown in 

Figure 2.5 panels E and F, neither GTP (1.0 mM) nor RBVNTP (1.0 mM) prevented 

assembly of CTP-induced ecCTPS filaments.  

Liu and colleagues (X. Zhou et al., 2021) solved the cryo-EM structure of GTP-

bound dmCTPS, and identified the GTP-interacting residues, which are conserved in 

ecCTPS. In brief, the guanine base of GTP interacts with residues Leu 444, Arg 481, and 

Phe 373 of the binding monomer and Leu 107 of an adjacent monomer (X. Zhou et al., 

2021). The ribose ring interacts with Arg 479 and Phe 50, and the triphosphate moiety 

forms H-bonds with Lys 306, Tyr 307, and Arg 376 (X. Zhou et al., 2021). Our observed 

lack of apparent effects of GTP and RBVNTP on filament assembly by ecCTPS is 

consistent with the observation that the GTP-interacting residues are remote from those 

residues implicated in ecCTPS polymerization (i.e., the linker region α-helix 274–284, α-

helix 330–336 of the glutaminase domain (Barry et al., 2014), and residues E155 (Barry 

et al., 2014), E149, and F227 (McCluskey & Bearne, 2018a)). 
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Figure 2.5. Effects of GTP and RBVNTP on filament formation by ecCTPS. Few 

filaments are formed by ecCTPS in the absence of nucleotides (A). CTP induces 

polymerization (B). GTP (C) and RBVNTP (D) are not capable of inducing filament 

formation by ecCTPS at concentrations of 1.0 mM. In the presence of CTP (1.0 mM), 

neither GTP (E) nor RBVNTP (F), each at 1.0 mM, disrupt CTP-induced filament 

formation. 
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2.3.3 Effects of Sofosbuvir-5′-triphosphate on ecCTPS Activity 

In order to accurately characterize the rates of ecCTPS-catalyzed amination of 

STP, the change in the molar extinction coefficient (ε) accompanying the reaction had to 

be determined. This was determined by measuring the difference in absorbance at 282 nm 

for the sofosbuvir nucleoside and its corresponding nucleoside aminated at the 4-position. 

The extinction coefficient of β-D-2′-deoxy-2′-α-F-2′-β-C-methyluridine (PSI-6206) at 282 

nm was estimated at to be 1858 ± 411 M–1 cm–1 and that of β-D-2′-deoxy-2′-α-F-2′-β-C-

methylcytidine (PSI-6130) to be = 5894 ± 275 M–1 cm–1 at pH 8.0 in assay buffer (Figure 

2.6). While using ∆A291 was suitable to monitor ecCTPS activity with the fluorinated 

analogues, ∆A282 presented a greater difference in absorbance between the substrate and 

the product and was therefore selected as the wavelength at which the ecCTPS-catalyzed 

amination of STP was monitored. Thus, the kinetic parameters for ecCTPS-catalyzed 

turnover of STP were determined using UV spectrophotometry, by following the change 

in absorbance at 282 nm (∆ε = 4036 ± 494 M–1 cm–1).  

Because of its current use as an anti-HCV drug (Abraham & Spooner, 2014) and 

the attention focused on sofosbuvir as an antiviral against SARS-CoV-2 (Jácome et al., 

2020), we explored the effect of STP on ecCTPS activity. While STP did not inhibit 

CTPS activity, it was a substrate for Gln-dependent ecCTPS-catalyzed activity (Figure 

2.7). The cost of the compound precluded examination of its effect on the less 

physiologically relevant NH3-dependent activity. 
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Figure 2.6. Representative UV-absorbance spectra for the determination of ∆ε. The 

change in molar extinction coefficient ((∆ε282 = 4036 M–1 cm–1) was estimated using β-D-

2′-deoxy-2′-α-F-2′-β-C-methyluridine (dashed line, PSI-6206) (ε =1858 M–1 cm–1) and β-

D-2′-deoxy-2′-α-F-2′-β-C-methylcytidine (solid line, PSI-6130) (ε =5894 M–1 cm–1) at a 

concentration of 0.1 mM each, in 70 mM HEPES buffer, pH 8.0, containing 0.5 mM 

EGTA, and 10 mM MgCl2.  
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Figure 2.7. ESI-MS analysis demonstrates ecCTPS-catalyzed amination of STP. ESI-

MS spectra of a sample containing STP (2.0 mM), ATP (1.0 mM), and NH4Cl (150 mM) 

in assay buffer, indicating the conversion of substrate (green) to product (red) over time 

(A). Samples of ecCTPS (0.5 μM) were incubated with STP (2.0 mM), ATP (1.0 mM), 
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and NH4Cl (150 mM) in assay buffer for 5 (B), 15 (C), 30 (D), 60 (E), 120 (F), and 180 

(G) min. The peak intensities (H) and integrated peak areas (I) of the product, divided by 

the sum of the quantities for the substrate and the product, as well as the A291 over the 

course of the reaction (J) are plotted as a function of the incubation time. 

 

 

We confirmed the formation of aminated STP to yield 4-NH2-STP using ESI-MS 

(Figure 2.7). The progression of the reaction is demonstrated by peaks corresponding to 

substrate (m/z = 499.0) and product (m/z = 498.0) (Figure 2.7.A-G). In addition, the 

absorbance at 291 nm was measured at the time points described throughout the reaction. 

Increasing absorbance at 291 nm (Figure 2.7.J) is consistent with increasing peak 

intensity and area, thus supporting the ecCTPS-catalyzed amination of STP. The intensity 

of peaks corresponding to product were divided by the total intensity (product and 

substrate) and plotted against the incubation time (Figure 2.7.H). Similarly, peaks 

corresponding to substrate and product were integrated and the area of peaks 

corresponding to product, divided by the total area of peaks corresponding to substrate 

and product, were plotted against incubation time (Figure 2.7.I). Because of possible 

differences in sample volumes used in the ESI-MS analyses as well as possible 

differences in the extent of ionizations, it was necessary to use ratios of the intensities or 

areas for the product to the total intensities or total integrated peak areas of both the 

substrate and the product. Upon plotting the increase in intensity and integrated peak 

areas accompanying product formation over 180 min, it is apparent that the rate of 

product formation slows considerably by 180 min. The apparent maximal ratio of 

[product] to total [product + substrate] is ~0.25 by measurement of peak intensity and 

peak area integration (Figure 2.7.H-I). A very small peak at 498.0 was apparent in the 
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sample without enzyme, indicating the commercial product may contain a small amount 

of the aminated form of STP. 

Given that ecCTPS is susceptible to feedback inhibition by CTP, it is possible that 

the enzymatic reaction was inhibited by the aminated STP formed during the reaction. It 

would therefore be of interest to test the E149D ecCTPS variant, which does not bind 

CTP (McCluskey et al., 2016), for its ability to catalyze the amination of STP. One 

would expect that there would be more turnover of STP due to the lack of product 

inhibition. This approach might be useful for industrial bio-production of aminated STP.  

STP was able to support Gln-dependent formation of 4-NH2-STP when the 

concentration of STP was fixed at 1.0 mM (Figure 2.7.A). ecCTPS demonstrated similar 

affinities for Gln with UTP and STP as a substrate (Km
UTP = 0.25 and Km

STP = 0.32 mM). 

This was not surprising since a 2′-ribo-F group does not markedly affect binding of 2′-

fluoro-2′-deoxycytidine-5′-triphosphate with ecCTPS relative to CTP (McCluskey et al., 

2016). Interestingly, the Gln-dependent amination of STP was ~8-fold slower than the 

reaction with UTP (cf. kcat values, Table 2.1). The increased Km and decreased kcat of the 

Gln-dependent amination of STP resulted in a catalytic efficiency that was ~11-fold 

lower than the Gln-dependent amination of UTP (Table 2.1). 

When the abilities of STP and UTP to support the Gln-dependent CTP formation 

were examined by varying their concentrations, ecCTPS was found to exhibit the same 

binding affinities for UTP and STP ([S]0.5 ≈ 0.20 mM) (Figure 2.8.B). The Gln-

dependent amination of STP is ~6-fold slower than that of Gln-dependent ecCTPS-

catalyzed conversion of UTP to CTP (cf. kcat values, Table 2.1). Consequently, the 

catalytic efficiency of ecCTPS-catalyzed amination of STP was also ~6-fold less than 
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that of the ecCTPS-catalyzed conversion of UTP to CTP. ESI-MS demonstrated that up 

to 3 h, ecCTPS aminates ~25% of available substrate, likely because product inhibition of 

ecCTPS then slows the reaction rate.  

Few UTP analogues have been found to serve as substrates for ecCTPS. The 

ability of STP to replace UTP as a substrate for ecCTPS has not previously been 

recognized. Overall, these observations suggest that STP could be aminated in vivo, 

leading to formation of another antiviral agent (i.e., see references ((Stuyver et al., 2006)) 

and (Clark et al., 2005)). 
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Figure 2.8. Kinetic characterization of STP as a substrate of ecCTPS. Representative 

plots of the initial velocities of Gln-dependent ecCTPS-catalyzed CTP formation at a 

fixed concentration of UTP () or STP () (1.0 mM each) and varying the 

concentrations of Gln (0.05 – 10.00 mM) (A) and at a fixed concentration of Gln (6.0 

mM) and varying concentrations of UTP () or STP () (0.1 – 3.0 mM and 0.025 – 

1.000 mM, respectively) (B). All other substrates were at saturating conditions in accord 

with Table 5.1. The concentrations of ecCTPS in the Gln-dependent activity were 6.3 

µg/mL when UTP was at saturating conditions and 3.8 µg/mL when STP was at 

saturating conditions (A). The concentrations of ecCTPS in the Gln-dependent activity 

were 3.8 µg/mL when STP was the variable substrate (B), and 7.6 µg/mL when UTP was 

the variable substrate (B). The curves shown are fits of eqns. 1 (A) and 2 (B) to the 

steady-state kinetic data. The corresponding kinetic parameters are summarized in Table 

2.1. 
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In the absence of NTPs, ecCTPS does not polymerize into filaments (Figure 2.9. 

panel A); however, the presence of CTP at a concentration of 1.0 mM is sufficient to 

induce polymerization (Figure 2.9.B). Because of the similar binding affinity of UTP and 

STP, one could expect disassembly of ecCTPS filaments by STP at concentrations 

similar to those at which UTP induces disassembly of filaments (i.e., 1.0 mM 

(McCluskey & Bearne, 2018a)). However, this was not the case, since an abundance of 

filaments were observed in samples containing 1.0 mM CTP and 1.0 mM STP (Figure 

2.9.C). Upon increasing the concentration of STP to 5.0 mM, filaments became less 

abundant (Figure 2.9.D). This observation, along with the utilization of STP as a 

substrate, is consistent with STP binding at the overlapping UTP- and CTP-binding sites 

(Endrizzi et al., 2005) and displacing CTP. Thus, STP can replace UTP both as a 

substrate for ecCTPS, albeit less efficient, and prevent filament assembly. The effects of 

STP on filament formation by ecCTPS indicates that upon employing sofosbuvir as an 

antiviral drug, it may affect the regulation of CTPS, and thus, pyrimidine metabolism. 
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Figure 2.9. Effect of STP on filament formation by ecCTPS. Representative electron 

micrographs of ecCTPS in the absence of nucleotides (A) and in the presence of CTP (1.0 

mM) with either 0 (B), 1.0 mM (C), or 5.0 mM (D) STP present. Increasing the 

concentration of STP caused a marked reduction in the presence of CTP-induced ecCTPS 

filaments.
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2.3.4 Effects of N4-OH-CTP on ecCTPS Activity 

Anion-exchange chromatography of the mixture resulting from the reaction of 

hydroxylamine with CTP on a DEAE-Sephadex A-25 column with elution by a TEAB 

(0.1-1.0 M) stepwise gradient yielded three distinct products as judged from observed the 

absorbance trace at 260 nm (Figure 2.10). Fractions corresponding to the three distinct 

peaks (A, B and C) in Figure 2.10 were pooled, lyophilized several times, and submitted 

for ESI-MS analysis (Figure 2.11). The apparent concentrations of TEAB at which the 

nucleotides corresponding to peaks A, B and C were eluted were 0.4 mM, 0.8 mM, and 

1.0 mM respectively. Mass spectrometry revealed that N4-OH-CMP was the predominant 

species present in pooled fractions corresponding to peak A (Figure 2.11.A). N4-OH-

CDP was the predominant species present in pooled fractions corresponding to peak B 

(Figure 2.11.B). Additionally, N4-OH-CMP appeared to be present in the sample – likely 

due to the fragmentation of a phosphate group from N4-OH-CDP during ESI-MS 

analysis. Fractions corresponding to peak C contained N4-OH-CTP, as shown in the low-

resolution (Figure 2.11.C) and high-resolution (Figure 2.11.D) mass spectra. A 

significant peak was apparent at the exact mass corresponding to N4-OH-CDP. Again, 

this is likely due to the fragmentation of a phosphate group from N4-OH-CTP, which is 

consistent with the literature (Strzelecka et al., 2017) 

 Samples corresponding to the isolated N4-OH-CMP, N4-OH-CDP, and N4-OH-

CTP were subjected to analysis by ion-pairing reversed-phase HPLC to determine their 

purity. Distinct, single peaks were apparent in all samples (Figure 2.12). The increase in 

retention time between the monophosphate (A), diphosphate (B) and triphosphate (C) is 
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consistent with increasing retention times of UMP, UDP, and UTP (Figure 2.13), as well 

as published literature (Contreras-Sanz et al., 2012; Shi et al., 2008). 

The concentration of N4-OH-CTP was determined using 1H NMR spectroscopy 

with integration of the H6-proton (Figure 2.14). Peaks were assigned based on the 

chemical shift assignments for CTP (Wishart et al., 2009). Additionally, the presence of 

the triphosphate moiety was confirmed using 31P NMR spectroscopy: signals (202 MHz, 

D2O) δ -10.10 (d, J = 19.4 Hz), - 11.44 (d, J = 20.2 Hz), -23.13 (t, J = 19.8 Hz). The 

assignment was based on the published chemical shift assignments for N4-OH-CTP 

(EIDD-2061) (Painter et al., 2016). 
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Figure 2.10. Purification of N4-OH-CTP using anion-exchange chromatography. 

Representative plot displaying absorbance (260 nm) of fractions collected from the 

elution of the reaction mixture for the preparation of N4-OH-CTP using a DEAE-

Sephadex A-25 column and a stepwise TEAB (0.1-1.0 M) gradient. Fractions 

corresponding to the peaks designated A, B, and C were collected individually and 

analyzed using ESI-MS (Figure 2.11). 
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Figure 2.11. Identification of N4-OH-CTP by ESI-MS in negative ion mode. Representative low-resolution spectra of product from 

pooled fractions corresponding to peak A, B, and C (Figure 2.10). N4-OH-CMP (green) was identified in sample A (A). N4-OH-CDP 

(blue) and N4-OH-CMP were identified in sample B (B). N4-OH-CTP (red) and N4-OH-CDP (blue) were identified in sample C (C). 

High resolution spectrum of the peak at m/z 498.0 corresponding to N4-OH-CTP (D). Expected mass [M − H+]− = 497.9721, found 

497.9725. 

7
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Figure 2.12. Ion-pairing reversed-phase HPLC of fractions from sample A, B, and C 

for the preparation of N4-OH-CTP. Absorbance at 260 nm of 20-μL samples from peak 

A (N4-OH-CMP), (A) peak B (N4-OH-CDP), (B) and peak C (N4-OH-CTP) (Figure 

2.10). An increased retention time is observed from the monophosphate to diphosphate 

and triphosphate species in accord with Figure 2.13.
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Figure 2.13. Ion-pairing reversed-phase HPLC indicating increasing retention times of nucleotide mono-, di-, and 

triphosphates. Absorbance at 260 nm of 20-μL samples of UMP, UDP, UTP, CTP and N4-OH-CTP. An increased retention time is 

observed from the monophosphate to diphosphate and triphosphate species. CTP and N4-OH-CTP elute at a similar retention time to 

UTP.
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Figure 2.14. Representative 1H NMR spectrum for quantification of N4-OH-CTP. The concentration of N4-OH-CTP was 

determined using 1H NMR with integration of the doublet H6-proton (  7.18 ppm) compared to the integral for an internal pyrazine 

standard at (5 mM,   8.61 ppm).  

7
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Preliminary modeling studies using the published structure of CTPS with bound 

CTP (Endrizzi et al., 2004) suggested that an enhanced interaction might arise from H-

bonding between the N4-hydroxyl group and Lys 196 (Figure 2.2) (Bearne, S.L., 

personal communication). To investigate this, we measured the inhibition of ecCTPS by 

CTP and N4-OH-CTP at two fixed concentrations of UTP (0.05 and 0.20 mM) with Gln 

as the nitrogen source. The concentration of ATP, GTP, and Gln were fixed at saturating 

conditions as given in Table 5.1. The relative initial velocities (vi/vo) were plotted against 

the concentration of inhibitor and eqn. 6 was fitted to the data. IC50 values for the 

inhibition of ecCTPS by CTP were IC50
[UTP]=0.05 mM

=107 ± 4 μM and IC50
[UTP]=0.20 mM

 

234 ± 21 μM (Figure 2.16, Table 2.2), which are comparable to previously published 

data (McCluskey et al., 2016). Interestingly, IC50 values for the inhibition of ecCTPS by 

N4-OH-CTP were ~9-fold higher, IC50
[UTP]=0.05 mM

986 ± 50 μM and IC50
[UTP]=0.20 mM

 1730 

± 251 μM (Figure 2.17, Table 2.2), indicating that this CTP analogue was not bound by 

ecCTPS with greater affinity than CTP. 
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Figure 2.15. Representative plots for the determination of the IC50 values for the 

inhibition of the Gln-dependent CTP formation by CTP and N4-OH-CTP. Inhibition 

by CTP (A, B) and N4-OH-CTP (C, D) was measured at [UTP] = 0.05 mM (A, C) and 

[UTP] = 0.20 mM (B, D). The concentration of ATP, GTP, and Gln were fixed at 1.0 

mM, 0.25 mM, and 6.0 mM, respectively. The concentrations of ecCTPS were 19.0 (A), 

7.5 (B), and 3.2 (C, D) µg/mL. The curve is a non-linear regression fit of eqn. 6 to the 

relative velocities (vi/vo). The IC50 and n values were determined in triplicate and are 

given in Table 2.2. 
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Table 2.2. Inhibition of Gln-dependent ecCTPS-catalyzed production of CTP by CTP and N4-OH-CTP 

Inhibitor 

[UTP] = 0.05 mM [UTP] = 0.20 mM 

Ki (μM) IC50 

(μM) 
n 

IC50 

(μM) 
n 

CTP 107 ± 4 1.6 ± 0.1 234 ± 21 1.6 ± 0.1 108 ± 29 

N4-OH-CTP 986 ± 50 0.8 ± 0.1 1730 ± 251 1.3 ± 0.2 383 ± 76 

 

7
7

 



78 
 

 

Figure 2.16. Representative plots showing competitive inhibition of Gln-dependent 

CTP formation by CTP. ecCTPS activity was assayed with UTP as the variable 

substrate and various fixed concentrations of CTP (0 (), 0.06 (), 0.12, () and 0.18 

() mM). The initial velocity data were plotted as a Michaelis-Menten plot (A), to which 

eqn. 2 was fitted. The initial velocity data were re-plotted as a double reciprocal plot to 

which eqn. 7 was fitted (B). Apparent 
[𝑆]0.5

𝑉𝑚𝑎𝑥
 values were replotted against the 

concentration of CTP (C) and the Ki value was determined to be 108 ± 29 μM. The 

concentration of ecCTPS was 5.0 µg/mL. The results are summarized in Table 2.2. 
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Figure 2.17. Representative plots showing competitive inhibition of Gln-dependent 

CTP formation by N4-OH-CTP. ecCTPS activity was assayed with UTP as the variable 

substrate and various fixed concentrations of CTP (0 (), 0.3 (), 0.6 (), and 0.9 

mM()). The initial velocity data were plotted as a Michaelis-Menten plot (A), to which 

eqn. 2 was fitted. The initial velocity data were re-plotted as a double reciprocal plot to 

which eqn. 7 was fitted (B). Apparent 
[𝑆]0.5

𝑉𝑚𝑎𝑥
 values were replotted against the 

concentration of N4-OH-CTP (C) and the Ki value was determined to be 383 ± 76 μM. 

The concentration of ecCTPS was 3.9 µg/mL. The results are summarized in Table 2.2. 
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The N4 exocyclic atom of CTP is not directly contacted by ecCTPS, however, a 

water-mediated hydrogen bond to the Gly 146 backbone carbonyl oxygen provides 

potential recognition of amino group at the 4-position of CTP (Endrizzi et al., 2005). 

Given the analogous structure of N4-OH-CTP to CTP, other residues essential in the 

recognition of CTP (or a CTP analogue) are not expected to be impacted by the 

substitution at N4. The increased IC50 value of N4-OH-CTP, relative to CTP suggests that 

the proposed enhanced interaction with Lys 196 may not occur and an altered interaction 

with Gly 146 may diminish the recognition of N4-OH-CTP by ecCTPS. The 

IC50
[UTP]=0.05 mM

 values were significantly lower than IC50
[UTP]=0.20 mM

 values, consistent 

with other CTP-analogues that act as a competitive inhibitor with respect to UTP 

(McCluskey et al., 2016). To verify that N4-OH-CTP acts as competitive inhibitors, we 

performed kinetic studies to investigate the mode of inhibition and the value of the 

inhibition constant (Ki) of both CTP and N4-OH-CTP. 

The steady-state initial velocity data did not demonstrate significant cooperativity 

to justify using the Michaelis-Menten equation modified by a Hill number (eqn. 3), thus, 

eqn. 2 was fitted to the data (Figure 2.17.A). In accord with previously published data 

(McCluskey et al., 2016), a competitive inhibition pattern by CTP was observed with 

respect to UTP upon replotting the initial velocity data in a double reciprocal plot, 

wherein the lines of best fit intersected on the 1/vi axis (Figure 2.17.B). The apparent 

[𝑆]0.5

𝑉𝑚𝑎𝑥
 values, corresponding to the slopes of these lines in the double-reciprocal plot (but 

derived from non-linear regression analysis of the Michaelis-Menten plot in Figure 

2.17.A) were replotted against the concentration of CTP to estimate the Ki value (Figure 

2.17.C). Similarly, N4-OH-CTP demonstrated competitive inhibition with respect to UTP 



81 
 

(Figure 2.17.B). The Ki values presented in Table 2.2 indicate that the binding affinity of 

N4-OH-CTP is decreased ~3.5-fold relative to that of CTP, which agrees with the higher 

IC50 values exhibited for inhibition by N4-OH-CTP relative to CTP.  

The mechanism by which NHC induces cell death is well understood. In brief, 

NHC is phosphorylated to its active 5′-triphosphate form, which is incorporated into the 

genome of new virions, resulting in the accumulation of inactivating mutations (Painter et 

al., 2019; Urakova et al., 2018). Furthermore, NHC exhibits antiviral activity against 

multiple coronaviruses, including SARS-CoV-2 (Sheahan et al., 2020; Zandi et al., 

2020), and displays synergistic activity with other antiretroviral protease inhibitors 

against SARS-CoV-2 (Ianevski et al., 2020). The present work demonstrates that the 

active metabolite of NHC can weakly inhibit ecCTPS activity. The ability of N4-OH-CTP 

to inhibit ecCTPS has not previously been recognized. Overall, these observations 

suggest that N4-OH-CTP, in addition to causing mutation in the viral genome, could also 

reduce the intracellular CTP pools when employed as an antiviral agent, thereby possibly 

potentiating the antiviral effect of NHC.  

Given the ability of CTP to induce ecCTPS polymerization, exploring the effects 

of N4-OH-CTP on filament formation was of interest. Since the 4-amino group is not 

directly contacted by ecCTPS (Endrizzi et al., 2005), it seems likely that the binding of 

N4-OH-CTP should mimic CTP and induce polymerization of ecCTPS. Indeed, N4-OH-

CTP (1.0 mM) was sufficient to induce filament assembly by ecCTPS (Figure 2.18 

panel B). Despite a decrease in binding affinity by N4-OH-CTP (Table 2.2), the ecCTPS 

filaments induced by N4-OH-CTP displayed no distinct differences from those induced 

by CTP with regards to size or abundance (Figure 2.18 panel A). Thus, it is apparent that 
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N4-OH-CTP can behave as a product-analogue inhibitor and as a ligand to induce a 

filamentous form of ecCTPS. Such findings should be considered when investigating the 

effects of NHC as an antiviral drug. 
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Figure 2.18. N4-OH-CTP can induce ecCTPS polymerization. Representative electron micrograph of ecCTPS in the presence of 

CTP (1.0 mM) (A) and N4-OH-CTP (1.0 mM) (B). 

8
4
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2.4 CONCLUSIONS AND FUTURE DIRECTION 

In this chapter, we explored the effects of specific antiviral nucleotide analogues 

on the activity of ecCTPS, as well as their effects on filament formation by ecCTPS. 

AraATP was recognized as a substrate, although it had catalytic efficiency values ~2.5 - 

5-fold lower relative to activity with ATP as a substrate (Table 2.1). RBVNTP was an 

allosteric activator of ecCTPS; however, it exhibited a ~24-fold decrease in catalytic 

efficiency relative to GTP (Table 2.1). Neither GTP nor RBVNTP had an apparent effect 

on filament assembly, or the prevention of filament assembly by CTP as assessed using 

TEM (Figure 2.5). Upon administration as antiviral prodrugs, the corresponding 

metabolites araATP and RBVNTP afford possible mechanisms by which CTPS can 

remain active when intracellular pools of substrates are diminished as well as assist in 

maintaining intracellular pools of CTP. 

ecCTPS recognized STP as a substrate for amination (Figure 2.7), forming an 

alternative antiviral metabolite (4-NH2-STP). The catalytic efficiency for STP as a 

substrate was reduced ~6-fold relative to that observed for UTP (Table 2.1). Similar to 

UTP, STP was able to disrupt filament formation (Figure 2.9), likely due to the binding 

at the overlapping UTP/CTP-binding site. The 4-NH2-STP formed via ecCTPS-catalyzed 

amination of STP may be incorporated into the viral RNA and lead to chain termination, 

thereby, providing an additional mechanism by which sofosbuvir demonstrates antiviral 

activity. STP may also afford a mechanism by which CTPS remains active when the 

concentration of UTP is low since it also regulates polymerization of the enzyme. 

N4-OH-CTP was synthesized, purified, and assessed as an inhibitor of ecCTPS. 

Similar to feedback inhibition by the product CTP, N4-OH-CTP acts as a competitive 
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inhibitor (Figure 2.17). Despite a proposed enhanced interaction of N4-OH-CTP with 

ecCTPS due to the lack of contacts between the N4 exocyclic atom and the enzyme, N4-

OH-CTP demonstrated a ~3.5-fold decrease in binding affinity relative to CTP (cf. Ki 

values, Table 2.2). Furthermore, N4-OH-CTP was able to induce filament formation by 

ecCTPS. In addition to causing mutations in the viral genome, N4-OH-CTP could reduce 

the intracellular CTP pools by inhibition of CTPS and the promotion of enzyme 

polymerization into inactive filaments, thereby potentiating the antiviral effects of NHC.  

The effects that these 5′-triphosphates of specific antiviral agents have on ecCTPS 

should be considered when assessing the antiviral prodrugs for the treatment of SARS-

CoV-2. Since CTPS structure and function is conserved amongst various organisms, 

using ecCTPS as a model system provides a framework for the effects of the 5′-

triphosphates of antiviral agents on humans upon administration for the infections of 

COVID-19. Future investigations should focus on the effects of araATP, RBVNTP, STP, 

and N4-OH-CTP on hCTPS1 and hCTPS2 activity and its ability to form filaments. In 

addition, the effects of other 5′-triphosphates of antiviral agents on ecCTPS activity and 

filament formation should be examined to provide a better understanding of possible 

effects of repurposing known antiviral drugs for the treatment of COVID-19. 
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CHAPTER 3: ADENOSINE-5′-(3-THIO)-TRIPHOSPHATE (ATPγS) AS A 

LIGAND FOR ecCTPS 

3.1 INTRODUCTION 

ATP is found in every living organism and plays a central role in many metabolic 

pathways and the regulation of enzyme activity. Numerous ATP analogues have been 

synthesized to probe the role of ATP in biological systems (Yount, 1975). A variety of 

derivatives of ATP exist, which have modifications of the adenine base, the ribose 

moiety, or the 5′-triphosphate chain. ATP-utilizing systems vary enormously in their 

specificity; an analogue that provides insight in one biochemical system may be futile in 

another. In general, there are two main types of investigations for which ATP analogues 

are particularly useful. First, fluorescent, spectroscopic probes, are often used to report on 

the action of ATP in nucleotide-interacting systems while having minimal effects on the 

molecule’s properties (Hiratsuka, 2003). 2′,3′-O-Trinitrophenyl-adenosine-5′-

monophosphate (TNP-AMP), was the first fluorescent analogue used as a substrate for G-

proteins and ATP-binding proteins (Tao & Lamkin, 1981). Another example of a 

fluorescent ATP analogue is the fluorophore-conjugated ATP analogue N-methyl-

anthraniloyl-ATP (mantATP). It has been used for example, to study the kinetics of 

human kinesin Eg5 motors using the change of fluorescence intensity as a readout 

(Cochran et al., 2004).  

Second, non-hydrolysable analogues such as adenosine 5′‐[β,γ‐imido]triphosphate 

(ADPNP), Adenosine-5′-[(β,γ)-methyleno]triphosphate (AMPPCP), and ATPγS (Table 

3.1) are often employed to study the mechanism of enzymes that utilize ATP as a 

substrate (Bagshaw, 2001). In particular, ATPγS is a substrate and inhibitor of ATP-
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dependent enzyme systems and is hydrolyzed very slowly by phosphatases and most 

ATPases (Peck & Herschlag, 2003). For example, adenosine triphosphatase exhibits a 9-

fold reduction in kcat for Mg- ATPγS relative to MgATP (Yates & Duance, 1976). In the 

ecCTPS-catalyzed production of CTP from UTP, ATP is hydrolyzed at the β-γ linkage to 

yield ADP. CTP synthesis requires the presence of both the nucleotide substrates ATP 

and UTP, and in their absence, only Gln hydrolysis takes place. Levitzki and Koshland 

(Levitzki & Koshland, 1972b) utilized ADPNP as a non-hydrolysable analogue to 

uncouple the production of CTP from Gln hydrolysis. They measured the glutaminase 

activity of the dimer in the absence of ATP and UTP and compared it to the glutaminase 

activity of the tetramer in the presence of ADPNP and UTP and found that the kcat value 

for Gln hydrolysis increased nearly 6-fold in the presence of ADPNP and UTP. 

 Willemoës and Sigurskjold (Willemoës & Sigurskjold, 2002) investigated the 

steady state kinetics of Lactococcus lactis CTPS-catalyzed Gln hydrolysis uncoupled 

from CTP formation using ADPNP and ATPγS. ATPγS was a more potent inhibitor of 

CTPS activity than ADPNP (IC50 ~1 mM for ATPγS versus ~8 mM for ADPNP) and 

thus, was selected ATPγS as an appropriate analogue of ATP to use in studies designed to 

investigate the glutaminase half reaction and its response to the allosteric activation by 

GTP in the presence of (unreactive) ATPγS and UTP (Willemoës & Sigurskjold, 2002) 

Use of ATPγS and UTP ensured that the enzyme was in its tetrameric form but could not 

form CTP. Interestingly, they observed that GTP-dependent activation of the uncoupled 

glutaminase reaction never obtained the same rate as GTP-activated CTP synthesis when 

the active site was saturated with UTP and ATPγS. Theses authors concluded that the 

additional activation arose from the formation of the phosphorylated UTP intermediate, 
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which could not form in the presence of ATPγS (Willemoës & Sigurskjold, 2002). 

Levitzki and Koshland initially proposed a mechanism shown in scheme 1A in which the 

nascent ammonia attacks the UTP molecule prior to activation by ATP (Levitzki & 

Koshland, 1971), however, based on positional isotope exchange experiments (Lewis & 

Villafranca, 1989), suggested that the ATP molecule activates the UTP molecule first, 

followed by attack from nascent ammonia as indicated in Scheme 1B. It is this activated 

form of UTP that Willemoës and Sigurskjold (Willemoës & Sigurskjold, 2002) proposed 

as a co-activator of the L. lactis enzyme-catalyzed hydrolysis of Gln, along with GTP. 

 

Scheme 3.1. Proposed mechanisms of CTP synthesis at the synthase domain 

 

 

There are currently no structures of ecCTPS with ATP bound; however, Baldwin 

and colleagues (Endrizzi et al., 2005) solved the structure of ADP-bound ecCTPS (PDB: 

2AD5). Kollman and colleagues (Lynch et al., 2017) solved structures of filamentous 

ecCTPS bound to ADP (PDBs: 5U6R, 5U3C). Kollman and colleagues also solved the 
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structure of ATP-bound hCTPS1 (PDB: 5U03), ADPNP-bound hCTPS1 (PDB: 7MGZ), 

ADP-bound hCTPS2 (PDB: 6PK7) (Lynch et al., 2021), and ATP-bound hCTPS2 (PDB: 

6PK4) (Lynch & Kollman, 2020). Furthermore, the structure of Mycobacterium 

tuberculosis CTPS with the non-hydrolyzable ATP analogue AMPPCP (PDB: 4ZDK) 

has been solved (Mori et al., 2015).  
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Table 3.1. Structures of common nonhydrolyzable ATP analogues and fluorescent derivatives 

General purpose 

 
ATP 

Fluorescent 

derivatives 

 
TNP-AMP 

 
mantATP 

 

Nonhydrolyzable 

analogues 

 
ADPNP 

 
AMPPCP 

 
ATPγS 

9
0
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The inhibition of ecCTPS has been investigated primarily with use of CTP, GTP, 

and Gln analogues, as well as nicotinamides (Bearne et al., 2001; Habrian et al., 2016; 

MacDonnell et al., 2004; McCluskey et al., 2016). There have been fewer investigations 

of inhibition of ecCTPS by ATP analogues. In this chapter, we explore the kinetic 

properties of ATPγS as a ligand for ecCTPS. ATPγS proved to be a relatively potent 

inhibitor of ecCTPS activity in the presence of GTP and with Gln as the nitrogen source 

(Table 3.2). In addition, the effects of ATPγS on filament formation by ecCTPS were 

investigated using transmission electron microscopy. 

 

3.2 MATERIALS AND METHODS 

All materials are described in Chapter 5.1. Kinetic investigations and the effects 

of NTPs on filament formation by ecCTPS were completed as described in Chapter 5 

except for an increased concentration of NTPs (2.0 mM) in filament studies.  

 

3.3 RESULTS AND DISCUSSION 

3.3.1 ATP-dependent ecCTPS Activity 

The kcat and [S]0.5 values for the ATP-dependent activity of ecCTPS were 

determined using Gln and NH3 as the nitrogen sources (Figure 3.1). ecCTPS activity was 

assayed with fixed saturating concentrations of UTP (1 mM), NH4Cl (150 mM) or Gln (6 

mM), and various concentrations of ATP (0.05 – 2.0 mM). When Gln was used as the 

nitrogen source, the concentration of GTP was maintained at saturating conditions (0.25 

mM). The kinetic parameters are given in Table 3.2. 
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Upon comparison of the ATP-dependent activity between the reactions utilizing 

either Gln or NH3, as the two nitrogen sources, the [S]0.5 when Gln is the nitrogen source 

is less than half that observed when NH3 is the nitrogen source. The kcat values are 

comparable, though the catalytic efficiency of the Gln-dependent activity is nearly 4 

times that of the NH3-dependent activity. Possibly, the difference between the [S]0.5 

values may arise from the enzyme undergoing conformational changes upon interactions 

with GTP, that also affect ATP-binding affinity. GTP has demonstrated an inhibitory 

effect in the NH3-dependent activity, though it acts as an allosteric activator when Gln is 

used as the nitrogen source (MacDonnell et al., 2004). ecCTPS demonstrates 

cooperativity upon binding both ATP and UTP (Long & Pardee, 1967). This is supported 

by the cooperativity indicated by the Hill number of n = 3.0 ± 0.5 for the formation of 

CTP with NH3 as the nitrogen source. The formation of CTP, however, does not appear 

to show cooperativity with a Hill coefficient of n = 1.18 ± 0.01.  
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Figure 3.1. Representative plots for the kinetic characterization of ATP-dependent 

ecCTPS activity. Dependence of the Gln-dependent (A) and NH3-dependent (B) 

formation of CTP on the concentration of ATP. All other substrates were at saturating 

concentrations. Eqn. 3 was fitted to the steady-state kinetic data. The kcat, [S]0.5, and n 

values for the Gln-dependent assay were 11.6 ± 0.6 s–1 and 0.21 ± 0.02 mM, and 1.18 ± 

0.01 respectively. The kcat, [S]0.5, and n values for the NH3-dependent assay were 8.0 ± 

0.1 s–1 and 0.57 ± 0.03 mM, and 3.0 ± 0.5, respectively. The results are summarized in 

Table 3.2.  
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3.3.2 Inhibition of ecCTPS by ATPγS 

 IC50 values were determined by monitoring the rate of Gln- or exogenous NH3-

dependent CTP production in the presence of increasing amounts of ATPγS (Figure 3.2). 

The concentration of ATP was held roughly equal to the [S]0.5 value for both Gln- or 

exogenous NH3-dependent CTP production as determined previously (0.2 and 0.55 mM, 

respectively) (Figure 3.2). Eqn. 6 was fitted to the kinetic (vi/vo) data. All other substrates 

were held at saturating concentrations in accord with Table 5.1. For reactions using Gln 

as a substrate, GTP was present at 0.25 mM. The IC50 values were 83 µM and 671 µM 

for the ecCTPS-catalyzed Gln-dependent and NH3-dependent reactions, respectively. 

Interestingly, it appears that the affinity for ATPγS is enhanced in the presence of Gln 

and GTP. This finding is qualitatively in agreement with the observation that the [S]0.5 

value for ATP is also lower for the Gln-dependent CTP formation relative to the [S]0.5 

value observed for the NH3-dependent CTP formation (Figure 3.2). 

 To explore the inhibition in more detail, a full kinetic study was conducted to 

determine the mode of inhibition and the value of the inhibitor constant (Ki). A 

competitive inhibition pattern was observed with respect to ATP upon replotting the 

initial velocity data in a double reciprocal plot, wherein the lines of best fit intersected on 

the 1/vi axis (Figure 3.3). The apparent 
[𝑆]0.5

𝑉𝑚𝑎𝑥
 values, corresponding to the slopes of these 

lines (but derived from non-linear regression analysis of the Michaelis-Menten plot in 

Figure 3.3A) were replotted against concentration of ATPγS to determine the Ki value. 

Interestingly, the NH3-dependent CTP production demonstrated cooperativity and eqn. 3 

was fitted to the initial velocity data. Again, a competitive inhibition pattern was 

observed with respect to ATP upon replotting the initial velocity data in a double 
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reciprocal plot. The apparent 
[𝑆]0.5

𝑛

𝑉𝑚𝑎𝑥
 values, (but derived from non-linear regression 

analysis of the Michaelis-Menten plot in Figure 3.4A) were replotted against the 

concentration of ATPγS to determine the Ki value. 

The Ki values reveal that the binding affinity of ATPγS is enhanced nearly 5-fold 

when Gln is the nitrogen source as opposed to NH3, which is again in agreement with the 

increased affinity exhibited for ATP in the presence of GTP and Gln as the nitrogen 

source (Figure 3.1). This behaviour supports the notion that ATPγS is bound by ecCTPS 

in a similar manner to ATP. 

Since the ATP-, UTP-, and CTP-binding sites are all located in the synthase 

domain, it could be expected that the binding of ATPγS would have little effect on the 

rate of Gln hydrolysis, which occurs at the glutaminase domain. However, as mentioned 

in the Chapter 3.1, when ecCTPS is incubated in the presence of GTP, UTP and ADPNP 

there is an increase in glutaminase activity rates arising from the presence of the 

nucleotides (Levitzki & Koshland, 1972b). In contrast, in L. lactis CTPS, kcat values for 

the uncoupled glutaminase activity in the presence of ATPγS do not reach the same level 

as Gln hydrolysis coupled to CTP synthesis (Willemoës & Sigurskjold, 2002). Had 

studies been conducted to determine the inhibitory effects of ATPγS on only the 

glutaminase activity of ecCTPS in absence of UTP, it is possible that there would be 

minimal difference between uncoupled glutaminase activity and CTP production in the 

presence of UTP and ATP, similar to what was observed by Levitzki and Koshland 

(Levitzki & Koshland, 1972b).  

  



96 
 

 

Figure 3.2. Representative plots of the ATPγS-dependent inhibition of ecCTPS 

activity. ATPγS-dependent inhibition of ecCTPS-catalyzed formation of CTP with Gln 

(A) or NH3 (B) as the nitrogen source. The concentration of ATP was maintained at a 

constant concentration of 0.2 mM and 0.55 mM for the Gln and NH3 reactions 

respectively. All other substrates were at saturating conditions in accordance with Table 

5.1. Eqn. 6 was fitted to the steady-state kinetic data. The IC50
Gln and n values were 83 ± 

16 µM and 0.9 ± 0.1 respectively. The IC50
NH3 and n values were 671 ± 99 µM and 1.3 ± 

0.2 respectively. The results are summarized in Table 3.2. 
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Figure 3.3. Representative plots of the competitive inhibition of Gln-dependent CTP 

formation by ATPγS. ATP-dependent CTPS activity was assayed with various 

concentrations of ATPγS (0 (), 0.03 (), 0.06 (), and 0.09 () mM). The data were 

plotted as a Michaelis-Menten plot (A), to which eqn. 2 was fitted. Data were plotted as a 

double reciprocal plot to which eqn. 7 was fitted (B). Apparent 
[𝑆]0.5

𝑉𝑚𝑎𝑥
 values replotted 

against the concentration of ATPγS (C). The Ki value was determined to be 36.1 ± 1.7 

μM. The results are summarized in Table 3.2. 
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Figure 3.4. Representative plots of the competitive inhibition of NH3-dependent CTP 

formation by ATPγS. ATP-dependent CTPS activity was assayed with various 

concentrations of ATPγS (0 (), 0.15 (), 0.3 (), and 0.45 () mM). The data were 

plotted as a Michaelis-Menten plot (A), to which eqn. 3 was fitted. Data were plotted as a 

double reciprocal plot, to which eqn. 8 was fitted (B). Apparent 
[𝑆]0.5

𝑛

𝑉𝑚𝑎𝑥
 values replotted 

against the concentration of ATPγS (C). The Ki value was determined to be 170 ± 39 μM. 

The results are summarized in Table 3.2. 
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Table 3.2. Kinetic parameters for ATP-dependent activity and the inhibition of ecCTPS by ATPγS 

Nitrogen 

source 

Kinetic Parameters 

ATP-dependent activity Inhibition by ATPγS 

kcat 

(s–1) 

[S]0.5 

(mM) 

kcat/[S]0.5 

(s–1 mM–1) 

n 

IC50 

(µM) 

n 

Ki 

(µM) 

Gln 11.6 ± 0.6a 0.21 ± 0.02a 55.2 ± 6.0 1.18 ± 0.01a 83 ± 16b 0.9 ± 0.1b 36.1 ± 1.7 

NH3 8.0 ± 0.1a 0.57 ± 0.03a 14.13 ± 0.75 3.0 ± 0.5a 671 ± 99b 1.3 ± 0.2b 170 ± 39 

a Values from Table 2.2  
b The concentration of ATP was held roughly equal to [S]0.5 (i.e., 0.20 mM (Gln) and 0.55 mM (NH3)). 

  

9
9
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3.3.3 Effects of ATPγS on Filament Formation by ecCTPS 

CTP induces filament formation in ecCTPS as illustrated in Figure 3.5 panel A. 

Despite the inhibition of ecCTPS activity by ATPγS, it alone cannot induce filament 

formation. Indeed, the majority of structures observed by transmission electron 

microscopy were small and round shaped, possibly indicating the presence of tetramers 

(Figure 3.5, Panel B). Previous studies have revealed that CTP-dependent filament 

formation is hindered by the addition of substrate UTP (McCluskey & Bearne, 2018a). 

However, neither ATP nor ATPγS disrupted CTP-dependent filament formation at 

concentrations of 2.0 mM as illustrated in Figure 3.5, panels C and D, respectively. No 

apparent changes in size or abundance of the filaments were observed for the ecCTPS 

sample treated with CTP alone (Figure 3.5, Panel A), relative to the samples treated with 

CTP and ATP or CTP and ATPγS (Figure 3.5, panels C and D, respectively).  

CTP and UTP share an overlapping binding site for their 5′-triphosphate moieties 

in the synthase domain of ecCTPS (Endrizzi et al., 2004). Levitzki and Koshland initially 

proposed that UTP or ATP must be present for the transition of the enzyme from a dimer 

to a tetramer (Levitzki & Koshland, 1972a), however, others found that CTP alone can 

induce formation of tetramers (Han et al., 2005). Gitai and colleagues (Ingerson-Mahar et 

al., 2010) discovered filamentous CTPS in Caulobacter crescentus in the presence of 

ATP, UTP, GTP and Gln. This was later attributed to the production of CTP during the 

incubation period (Barry et al., 2014). Gitai and colleagues (Barry et al., 2014) suggested 

that polymerized enzyme is disrupted by binding its substrates ATP and UTP; however, 

McCluskey and Bearne (McCluskey & Bearne, 2018a) found that UTP alone was 

sufficient to disassemble filaments. Despite the ATP-binding site also being located at the 
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synthase domain, the binding of ATP or ATPγS does not impede filament formation. 

ATPγS inhibits the enzyme, rendering it incapable of catalyzing the conversion of UTP to 

CTP, however, all active sites are solvent accessible (Barry et al., 2014), indicating that 

ATPγS and CTP are not mutually exclusive binders of ecCTPS. This is reflected in 

Figure 3.5, panel D, in which ATPγS did not disrupt filament size or abundance.  

As discussed in more detail in Chapters 1.6 and 4, there are two discrete 

segments that constitute the filament assembly contacts: the linker region α-helix 274–

284, and the short α-helix 330–336 of the glutaminase domain (Barry et al., 2014). None 

of these residues are in direct contact with bound ADP in the ecCTPS crystal structures, 

consistent with the observation that ATP and ATPγS have no apparent effect on 

polymerization. Analysis of an ecCTPS•ATPγS complex may offer new information on 

the action of ATP-mediated activation of the UTP molecule in the synthase domain. 

Recently, researchers have discovered a second CTP-binding site that overlaps the 

ATP-binding site in hCTPS1, hCTPS2, and dmCTPS (Lynch et al., 2021; X. Zhou et al., 

2021). Kollman and colleagues (Lynch et al., 2021) were able to selectively target 

hCTPS1 and hCTPS2 using a family of small molecule inhibitors targeting the second 

CTP-binding site. Despite ecCTPS sharing 40% amino acid sequence identify and 60% 

similarity, to hCTPS1 (Endrizzi et al., 2004), CTP has not been observed in this second 

site in existing crystal structures of CTP-bound ecCTPS (Endrizzi et al., 2005; Lynch et 

al., 2017). The apparent absence of a secondary CTP-binding site is likely due to various 

amino acid substitutions in the E. coli enzyme, including K306, which is proposed to 

clash with CTP (Lynch et al., 2021). 
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Figure 3.5. Effects of CTP, ATP, and ATPγS on filament formation by ecCTPS. (A) 

CTP induces filament formation by ecCTPS. (B) ATPγS is unable to induce filament 

formation alone. Addition of ATP (C) or ATPγS (D) to CTP has no apparent effect on 

CTP-dependent filament abundance or size. Concentrations of CTP, ATP, and ATPγS are 

all 2.0 mM. 
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3.4 CONCLUSIONS AND FUTURE DIRECTION 

ATPγS was assessed as a ligand of ecCTPS and found to be a competitive 

inhibitor with respect to ATP. IC50 values were determined by monitoring the rate of Gln- 

or exogenous NH3-dependent CTP production in the presence of increasing amounts of 

ATPγS. The binding affinity of ecCTPS to ATPγS was enhanced in the presence of Gln 

and GTP (Figure 3.2), in agreement with the observation that the [S]0.5 value for ATP 

was also lower with Gln-dependent CTP formation relative to the [S]0.5 value observed 

with NH3-dependent CTP formation (Table 3.2). Further inhibition studies revealed that 

ATPγS was a competitive inhibitor of ecCTPS with respect to ATP, supporting the notion 

that ATPγS is bound by ecCTPS in a similar manner to ATP. The Ki value with respect to 

ATP when Gln was utilized as the nitrogen source was estimated to be 36.1 ± 1.7 µM 

(Figure 3.3), ~12-fold less than the most potent ecCTPS inhibitor to date (dF-dCTP), 

which has a Ki value of 3.0 ± 0.1 µM with respect to UTP. Despite the inhibition of 

ecCTPS activity by ATPγS, it alone cannot induce filament formation (Figure 3.5). An 

analysis of ATPγS-bound ecCTPS crystal structures is of interest, as it could reveal 

considerable information on the basis by which ATPγS inhibits ecCTPS with such 

potency and the positioning of the γ-phosphate transfer to active the bound UTP 

molecule. 
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CHAPTER 4: KINETIC CHARACTERIZATION AND INHIBITION OF C268A 

ecCTPS VARIANT BY CTP AND dF-dCTP 

4.1 INTRODUCTION 

As discussed in Chapter 1.6, one of the ways that CTPS responds to cellular 

metabolic demands for CTP is by forming filamentous structures composed of tetramers. 

ecCTPS, the two isoforms of human CTPS (hCTPS1 and hCTPS2), and dmCTPS 

undergo global conformational changes upon transitioning from tetrameric to filamentous 

states (Lynch et al., 2017; Lynch & Kollman, 2020; X. Zhou et al., 2021; Zhou et al., 

2019). The interdomain linker (residues 267-286) was recently proposed to play a role in 

facilitating the stacking of the tetramers into the filamentous state (Lynch et al., 2017). 

This stacking of the tetramers is facilitated by interaction of α-helical secondary structure 

elements, specifically α-helix 274-284 of the linker segment and α-helix 330-336 of the 

glutaminase domain (Figure 4.1). (Endrizzi et al., 2005; Lynch et al., 2017). Although 

there have been several investigations of the effect of amino acid substitutions in the 

glutaminase domain (Willemoës et al., 2005), the synthase domain (McCluskey & 

Bearne, 2018a), and the ammonia tunnel (Lunn & Bearne, 2004; McCluskey & Bearne, 

2018a, 2018b), few investigations have been conducted in the interdomain linker.  
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Figure 4.1. Structure of CTP-bound ecCTPS highlighting the linker region. The X-

ray crystal structure of monomeric (A) and tetrameric (surface representation) (B) wild-

type ecCTPS highlighting the N-terminal synthase domain (residues 1-266, light cyan), 

the C-terminal glutaminase domain (residues 287-544, salmon), the interdomain linker 

(residues 267-286, yellow), residue C268 (orange), α-helix 274-284 of the interdomain 

linker (wheat), and α-helix 330-336 of the glutaminase domain (red). (PDB: 7R64, 

unpublished). Images were rendered using PyMOL v. 2.3.2. 
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In the CTP-bound tetramer, the subunit interface is altered relative to the 

apoenzyme tetramer structures, compacting the CTPS subunits more tightly around the 

bound CTP (Endrizzi et al., 2004, 2005). The compaction of subunits was even more 

pronounced in the tetramers comprising CTPS filaments (Lynch et al., 2017). It was 

previously unknown whether this alteration of the tetramer interface was initiating 

polymerization or resulting from filament assembly. Kollman and colleagues (Lynch et 

al., 2017) solved the X-ray crystal structure of the complex of the C268A ecCTPS variant 

with bound CTP (PDB: 5TKV) and this structure revealed a tetramer with a state of 

compaction nearly identical to that observed for the tetramers comprising the filament of 

ecCTPS with bound CTP (PDB: 7R64, unpublished). The conformational changes 

between the CTP-bound C268A ecCTPS structure and wild-type apo state are largely 

rigid body motions, wherein the subunits in each state were structurally very similar 

(Lynch et al., 2017). The primary exception was a 3.6-Å shift of helix 218-228 closer to 

the bound CTP on an adjacent monomer, such that Phe 227 packs against the pyrimidine 

moiety of CTP (Lynch et al., 2017). This shift in the position of the helix stabilizes the 

filament conformation by repositioning Asn 229 at the base of helix 218-228, thus, 

creating a new hydrogen bond network with Arg 158 and Glu 155 forming a salt bridge 

across the tetramer interface (Lynch et al., 2017). These changes alter the relative 

orientations of the polymerization interfaces and positions them to allow assembly only 

in the CTP-bound state, consequently, supporting the notion that CTP binding 

allosterically controls ecCTPS filament assembly by directly inducing a filament-

competent conformation of ecCTPS (Lynch et al., 2017). Despite differences in the 
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conformational changes aforementioned, Kollman reported identical kcat and CTP 

inhibition effects for both the C268A and wild-type ecCTPS variants. 

 Due to its critical role in nucleotide metabolism, CTPS has been recognized as a 

therapeutic target for the development of antiviral (De Clercq, 1993; Kang et al., 1989), 

anticancer (Endrizzi et al., 2004; Kizaki et al., 1985; Kizaki et al., 1980; Williams et al., 

1978), and immunosuppressive agents (Lynch et al., 2021; Martin et al., 2014). CTPS 

exhibits feedback inhibition by the product. Indeed, CTP inhibits ecCTPS with an IC50 of 

107 ± 4 µM (Table 2.2). Pyrimidine analogues such as CPEC-5′-triphosphate (IC50 ∼6 

μM) (Kang et al., 1989) inhibit CTPS and are particularly effective at inhibiting CTPS 

when used in combination with other cytidine analogues (Bierau et al., 2003; Verschuur 

et al., 2004). As discussed in Chapter 2.1, by inhibiting CTPS activity, CPEC-5′-

triphosphate reduces CTP pools, thereby promoting the incorporation of cytidine 

analogues into DNA and inhibiting DNA synthesis (Verschuur et al., 2002). However, 

resistance to CPEC has been observed in cancer cells with adaptations that reduce the 

feedback inhibition by CTP and other analogues (Blaney et al., 1993; Zhang et al., 1993) 

Furthermore, cardiotoxic effects have been observed in clinical trials (Schimmel et al., 

2007). Other CTP analogues have also been explored as CTPS inhibitors with the most 

potent, to date, being dF-dCTP (IC50 ∼1.2 µM (McCluskey et al., 2016)). Unlike CPEC, 

gemcitabine is commonly used for the treatment of solid tumours and tends to be well 

tolerated (Heinemann et al., 1995; Toschi et al., 2005).  

McCluskey and Bearne (McCluskey & Bearne, 2018a) proposed that the potent 

inhibition of ecCTPS by dF-dCTP was likely due to interactions between the 2′-arabino 

fluorine group and a hydrophobic pocket formed by residues Q114, V115, and I116 on an 
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interdigitating loop from an adjacent subunit that forms part of the CTP-binding site. 

Additionally, dF-dCTP induces inhibitory filament formation at a lower concentration 

than CTP (McCluskey & Bearne, 2018a). McCluskey and Bearne (McCluskey & Bearne, 

2018a) also found that substitutions of Phe 227 (F227A and F227L) obviated the ability 

of resulting variants to undergo large scale filament assembly, supporting the role of Phe 

227 as a ‘sensor’ of CTP that promotes filament assembly. Further investigations on the 

origins of the potent inhibition of dF-dCTP by ecCTPS included solving the tetrameric 

structures of ecCTPS in complex with CTP (2.0 Å), 2′-ribo-F-dCTP (2.0 Å), 2′-arabino-

F-CTP (2.3-Å), dF-dCTP (2.2 Å), dF-dCTP and ADP (2.1 Å), and dF-dCTP and ATP 

(2.6 Å) at the indicated resolutions (McLeod et al., unpublished).  

In this chapter, we characterize the C268A ecCTPS variant with respect to its 

kinetic parameters (kcat, Km) and inhibition by CTP and dF-dCTP. This information, along 

with the structural information, provides insights into the structural basis by which dF-

dCTP inhibits ecCTPS with such potency and induces formation of a filament-competent 

conformation.  
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Table 4.1. Structures of CTP and fluorinated analogues 

 
R1 R2 

CTP OH H 

arabinocytidine-5′-triphosphate (araCTP) H OH 

2′-fluoro-2′-deoxycytidine-5′- 

triphosphate (F-dCTP) 
F H 

2′-fluoro-2′- deoxyarabinocytidine-5′-triphosphate 

(F-araCTP) 
H F 

gemcitabine-5′-triphosphate (dF-dCTP) F F 

 

  



110 
 

4.2 MATERIALS AND METHODS 

All materials are described in Chapter 5.1. All methods follow those described in 

Chapter 5 unless otherwise stated. 

 

4.2.1 Site-directed Mutagenesis  

The pET-15b-CTPS1 plasmid (Bearne et al., 2001) containing the open reading 

frame encoding ecCTPS was used as the template for site-directed mutagenesis, 

following a protocol similar to that described for the Q5 mutagenesis kit (New England 

BioLabs) following the inverse PCR-based method (Dominy & Andrews, 2003). 

Reactions were conducted using Phusion High-Fidelity DNA Polymerase (New England 

Biolabs). The forward (F) and reverse (R) synthetic deoxyoligonucleotide primers used to 

incorporate the mutation into the open reading frame were 5-

CTTAAACGCACCGGAAGCGAATCTG-3 (F) and 5-

CTGAATCGTTTACAAATATAATCGTC-3 (R), where the codon encoding residue 

268 is underlined and the altered base is shown in boldface. Mutant plasmids were used 

to transform E. coli DH5α cells using heat shock (Greene & Sambrook, 2012), which 

were used for plasmid maintenance. The entire plasmid open reading frame was 

commercially sequenced (Robarts Research Institute, London ON) to verify that no other 

mutations in the nucleotide sequence were introduced. 

 

4.2.2 Expression and Purification of Recombinant C268A ecCTPS  

E. coli BL21(DE3) cells transformed with the pET-15b-CTPSC268A plasmid 

were used to produce recombinant enzyme as described in Chapter 5.2. The enzyme was 
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purified as described for wild-type ecCTPS, except that the Ni2+-NTA column was 

washed stepwise with wash buffer containing 5-60 mM imidazole, then bound enzyme 

was eluted with buffer containing 250 mM imidazole. Protein concentrations were 

estimated using the Bio-Rad protein assay (Bio-Rad Laboratories, Mississauga, ON, 

Canada) with BSA standards. 

 

4.2.3 Enzyme Assays  

The rates of ecCTPS-catalyzed conversion of UTP into CTP and the associated 

kinetic parameters were determined as described in Chapter 5.3. Values of kcat were 

calculated using the molecular weights for the His6-tagged, recombinant enzyme 

monomers of 62,911 Da (wild-type) and 62,878 Da (C268A) calculated from the primary 

sequence using the ExPASy ProtParam program (Gasteiger et al., 2003). IC50 values for 

the inhibition of the wild-type and C268A ecCTPS variants by CTP or dF-dCTP were 

determined by monitoring the initial rates for the conversion of UTP to CTP with Gln 

(6.0 mM) as the nitrogen source, together with fixed concentrations of UTP (0.05 mM or 

0.20 mM) and varying concentrations of CTP (0 – 1000 µM) or dF-dCTP (0 – 20 µM). 

The IC50 and n values were determined by fitting eqn. 6 to the relative initial velocities 

(vi/vo) obtained at the indicated concentrations using nonlinear regression analysis and the 

program KaleidaGraph v. 4.02 from Synergy Software. All kinetic parameters were 

determined in triplicate and average values are reported. The reported errors are the 

standard deviations. 

 

 



112 
 

4.3 RESULTS & DISCUSSION  

4.3.1 Generation of C268A ecCTPS Variant 

The C268A ecCTPS variant was purified using metal ion affinity chromatography 

and pure protein was obtained as indicated on the SDS-PAGE gel (Figure 4.2). 

Interestingly, the affinity of the C268A variant for the Ni2+-NTA matrix was not as high 

as the wild-type enzyme. The C268A variant was eluted partially by the wash buffer 

containing 60 mM imidazole and completely by the 250 mM imidazole-containing 

buffer. On the other hand, more stringent conditions were required for the elution of the 

wild-type enzyme (i.e., typically using EDTA-containing strip buffer after the column 

was washed with the wash buffer containing 250 mM imidazole). This observation 

suggests that the C268A and wild-type ecCTPS variants may have different 

conformations that affect the exposure of the His6-tag on these proteins. 
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Figure 4.2. Representative 10% SDS-PAGE electrophoretogram for the purification 

of the ecCTPS C268A variant. Lane “L” corresponds to the molecular weight ladder. 

Lane “FT” corresponds to the flow-through of the clarified lysate. Lanes designated 5, 

15, 30, 45, 60, and 250 correspond the concentration of imidazole (mM) in the wash 

buffer. 
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4.3.2 Kinetic Characterization of C268A ecCTPS Variant 

To fully characterize the kinetic properties of the C268A ecCTPS variant, we 

assessed its turnover numbers and catalytic efficiency (kcat/Km) with Gln and NH3 as the 

nitrogen sources. The kcat, Km, and catalytic efficiency values were nearly identical 

between the wild-type and the C268A variants (Table 4.2, Figure 4.3). The 𝐾m
Gln is 

significantly lower than Km
NH3 indicating the enzymes’ greater binding affinity for its 

natural substrate and in the presence of GTP. Values of kcat are comparable between Gln- 

and NH3- dependent reactions for both ecCTPS variants. Thus, the comparison of kinetic 

parameters between wild-type and variant ecCTPS indicate that the C268A mutation has 

no obvious effect on catalytic activity.  
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Figure 4.3. Representative Michaelis-Menten plots for the determination of the 

kinetic parameters for Gln- (A, B) and NH3-dependent (C, D) CTP formation 

catalyzed by the wild-type (A, C) and C268A ecCTPS (B, D) variants. The 

concentrations of ATP and UTP were both fixed at 1.0 mM. The concentrations of the 

wild-type and C268A ecCTPS variants were typically 5.1– 20 µg/mL and 4.2 µg/mL, 

respectively. Eqn. 2 was fitted to the initial velocity data. The kinetic parameters were 

determined in triplicate and are given in Table 4.2. 
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Table 4.2. Kinetic parameters for Gln- and NH3-dependent CTP formation catalyzed by wild-type and C268A ecCTPS 

variants 

a Values for wild-type ecCTPS are in excellent agreement with those published previously (Bearne et al., 2001; McCluskey et al., 

2016). 

  

CTPS variant 

kinetic parameters 

Gln-dependent CTP formation NH3-dependent CTP formation 

K
m 

(mM) 

k
cat 

(s–1) 

k
cat

 / K
m 

(mM–1 s–1) 

K
m 

(mM) 

k
cat 

(s–1) 

k
cat

 / K
m 

(mM–1 s–1) 

wild-typea 0.25 ± 0.04 11 ± 1 44 ± 12 1.7 ± 0.2 11 ± 2 6 ± 1 

C268A 0.27 ± 0.02 8.8 ± 0.2 33 ± 2 1.5 ± 0.3 11.3 ± 0.4 8 ± 1 

1
1

6
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4.3.3 Inhibition of C268A ecCTPS Variant by CTP and dF-dCTP 

The IC50 values and representative plots for the inhibition of wild-type ecCTPS 

and C268A ecCTPS variant by product CTP and dF-dCTP are presented (Table 4.3, 

Figs. 4.4 and 4.5). Since the C268A variant with bound CTP has a global conformation 

similar to that of the filament-like, ‘closed’ conformation of dF-dCTP-bound wild-type 

ecCTPS (McLeod et al., unpublished), one could anticipate that the C268A variant will 

bind dF-dCTP with increased potency relative to wild-type enzyme. However, both the 

wild-type and C268A ecCTPS variants exhibit nearly identical IC50 values for inhibition 

by CTP (Table 4.3), which agrees with observations made by Kollman and co-workers 

(Lynch et al., 2017). The IC50 values for the inhibition of wild-type ecCTPS by dF-dCTP 

(Table 4.3) were similar to those previously published (McCluskey et al., 2016) 

(IC50
[UTP] = 0.05 mM

 = 1.2 µM, IC50
[UTP] = 0.20 mM

 = 3.9 µM). Interestingly, dF-dCTP also 

inhibited both the wild-type and C268A variants to the same degree (Table 4.3). In 

addition, both CTP and dF-dCTP exhibited more potent inhibition when the 

concentration of UTP was held at 0.05 mM (Figure 4.5) rather than 0.20 mM (Figure 

4.4), providing further evidence for the overlapping nature of the UTP- and CTP-binding 

sites (Endrizzi et al., 2005).  

Holyoak and colleagues (McLeod et al., unpublished) discovered structural 

similarities upon comparison of the filamentous wild-type ecCTPS-CTP co-crystal, the 

tetrameric C268A ecCTPS-CTP co-crystal, and the tetrameric wild-type ecCTPS-dF-

dCTP co-crystal. More specifically, there were no significant differences in the binding 

modes of dF-dCTP to wild-type ecCTPS and CTP binding to C268A ecCTPS variant 

(McLeod et al., unpublished). In both cases, the nucleotide was bound as the metal-
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nucleotide complex, suggesting that the filament-forming competent state also allows for 

the preferential binding of the metal-nucleotide complex (McLeod et al., unpublished). 

The metal-nucleotide complex slightly rearranges the CTP-binding site, which may be a 

reasonable explanation for the potent inhibition of ecCTPS by dF-dCTP. Additionally, 

upon comparison of structures mentioned above, Holyoak and colleagues (McLeod et al., 

unpublished) found that there was slight movement in the position of the bound 

nucleotides, and an alteration of the conformation of the peptide bond for S14 such that 

the α-phosphate oxygens of both dF-dCTP bound to wild-type ecCTPS and CTP bound to 

C268A ecCTPS variant were positioned closer to S14. These observations, again, 

revealed similar behaviour between the C268A-CTP and wild-type-dF-dCTP complexes.  
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Figure 4.4. Representative plots for the determination of IC50 values for the 

inhibition of the Gln-dependent CTP formation by the wild-type (A, C) and C268A 

ecCTPS (B, D) variants by CTP (A, B) and dF-dCTP (C, D) with [UTP] = 0.20 mM. 

The concentration of ATP and Gln were fixed at 1.0 mM and 6.0 mM, respectively. The 

concentrations of the wild-type and C268A ecCTPS variants were 5.1– 20 and 4.2 

µg/mL, respectively. The curve is a non-linear regression fit of the data to eqn. 6. The 

IC50 and n values were determined in triplicate and are given in Table 4.3. 
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Figure 4.5. Representative plots for the determination of IC50 values for the 

inhibition of the Gln-dependent CTP formation by the wild-type (A, C) and C268A 

ecCTPS (B, D) variants by CTP (A, B) and dF-dCTP (C, D) with [UTP] = 0.05 mM. 

The concentration of ATP and Gln were fixed at 1.0 mM and 6.0 mM, respectively. The 

concentrations of the wild-type and C268A ecCTPS variants were 5.1 and 4.2 µg/mL, 

respectively. The curve is a non-linear regression fit of the data to eqn. 6. The IC50 and n 

values were determined in triplicate and are given in Table 4.3. 
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. 

Table 4.3. IC50 values for the inhibition of the wild-type and C268A ecCTPS variants by CTP and dF-dCTP 

CTPS variant 

kinetic parameters 

inhibition by CTP inhibition by dF-dCTP 

[UTP] = 0.05 mM [UTP] = 0.20 mM [UTP] = 0.05 mM [UTP] = 0.20 mM 

IC50 (µM) n IC50 (µM) n IC50 (µM) n IC50 (µM) n 

wild-type 107 ± 4 1.6 ± 0.1 234 ± 21 1.6 ± 0.1 3.8 ± 0.2 1.8 ± 0.2 7.3 ± 0.3 2.0 ± 0.1 

C268A 131 ± 20 1.8 ± 0.5 259 ± 42 1.5 ± 0.1 3.2 ± 0.1 1.7 ± 0.1 9.6 ± 0.8 1.9 ± 0.2 

 

  

1
2

1
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In the C268A ecCTPS•CTP complex, Holyoak and colleagues (McLeod et al., 

unpublished) noted that F227 underwent a transition from a disordered to ordered state, 

thereby forming a π-stacking interaction with the cytosine moiety of CTP. They observed 

the same F227 conformation in the ecCTPS•F-araCTP and ecCTPS•dF-CTP structures, 

indicating its role in the enhanced interaction of 2-F-arabino-containing CTP 

derivatives. Holyoak et al. (McLeod et al., unpublished) confirmed the proposal by 

McCluskey et al. (McCluskey et al., 2016) that this residue plays a role in mediating an 

enhanced binding interaction with the 2′-F-arabino group, specifically, through a 

hydrophobic pocket arising from F227 and residues on the interdigitating loop from an 

adjacent subunit (Figure 4.6) McLeod et al., unpublished). Additionally, F227 has been 

implicated in filament formation because of a change in location concomitant with a shift 

of the 218-228 helix, thereby rearranging the CTP-binding pocket and subsequently 

promoting polymerization (Endrizzi et al., 2004, 2005; Lynch et al., 2017). Holyoak and 

colleagues (McLeod et al., unpublished) found that the mobility of F227 in the 

ecCTPS•CTP and ecCTPS•F-dCTP complexes (i.e., based on diffuse electron density) is 

markedly reduced when a CTP analogue bearing the 2-F-arabino group is present (i.e., 

F-ara-CTP and dF-dCTP). By stabilizing the conformation of F227 and the 218-228 helix 

in the filament competent state, dF-dCTP can promote filament formation more 

effectively than CTP. As observed in polymerization studies by McCluskey and Bearne, 

(McCluskey & Bearne, 2018a) dF-dCTP induced polymerization at lower concentrations 

than CTP and F227 variants were unable to undergo large-scale filament formation. F227 

acts as a polymerization ‘switch’ but does not contribute to binding of CTP analogues 

that lack a 2-F-arabino group (McCluskey & Bearne, 2018a), McLeod et al., 
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unpublished). The C268A ecCTPS variant for which the tetramers preferentially assume 

a ‘filament-like’ conformation in crystallo (PDB: 5TKV) has the F227 side chain in the 

same stabilized conformation as observed for the ecCTPS•F-araCTP and ecCTPS•dF-

dCTP complexes (McLeod et al., unpublished). Although one might anticipate that this 

rearrangement of the CTP-binding site with the formation of the metal-nucleotide 

complex, the concomitant changes in the S14-ligand interaction distances, and the 

reduction of mobility of F227 in the C268A variant would play a role in the strong 

binding of dF-dCTP, the lack of change in the potency of inhibition of the C268A variant 

by both CTP and dF-dCTP relative to wild-type (Table 4.3, Figs. 4.4, 4.5), suggests that 

this is not the case. 
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Figure 4.6. Interactions of S14, F227, and the interdigitating loop bearing Q114, 

V115, and I116 of wild-type ecCTPS with CTP (A), dF-dCTP (B), and C268A 

ecCTPS with CTP (C). Changing binding interactions observed in the CTP (A, cyan, 

PDB: 7R6E), dF-dCTP (B, salmon, PDB: 7R64), and C268A-CTP (C, bright orange, 

PDB: 5TKV) complexes are highlighted as yellow dashed lines. Atoms are colored as 

green (carbons), red (oxygen), blue (nitrogen), orange (phosphorous), light blue 

(fluorine), light grey (magnesium), and dark grey (sodium). The hydrophobic pocket 

(Q114-I116) contributing to the binding of the fluorine groups, the side chain of F227 

interacting with the cytosine ring, and the side chain of S14 interacting with the α-

phosphate oxygens of CTP and dF-dCTP are shown coloured by element. Interaction 

distances are in Å. Images were rendered using PyMOL v. 2.3.2. 



125 
 

4.4 CONCLUSIONS AND FUTURE DIRECTION 

The open reading frame encoding the C268A ecCTPS variant was created using 

site-directed mutagenesis and overexpressed. Comparison of the kinetic parameters of the 

purified C268A variant with those of wild-type ecCTPS revealed no differences arising 

as a result of the amino acid substitution. Conformational changes between CTP-bound 

wild-type enzyme, dF-dCTP-bound wild-type enzyme and the CTP-bound C268A 

enzyme, namely rearrangement of CTP-binding site, changes in the S14-ligand 

interaction distances, and stabilization of F227, revealed striking similarities in the latter 

two cases. The nearly identical kcat, Km, and IC50 values for inhibition of wild-type and 

C268A variants by CTP and dF-dCTP indicate that conformational changes alone do not 

account for the tight-binding exhibited by dF-dCTP. 

While binding of dF-dCTP to wild-type ecCTPS positions the S14 roughly ~1.1 Å 

closer to the α-phosphate oxygens of bound dF-dCTP, as it does in the structure of the 

C268A ecCTPS-CTP variant co-crystal (Figure 4.6), a tighter association with CTP or 

dF-dCTP was not observed, suggesting that this interaction does not dramatically impact 

binding affinity. It would be interesting to explore substitutions of this residue to further 

probe its role in the conformational changes accompanying binding of dF-dCTP. For 

example, substitution of Ser 14 by another polar uncharged amino acid with a longer side 

chain (e.g., S14N and S14Q) might prevent the movement of S14 such that the filament-

like conformation cannot be obtained. It would be necessary, however, to also determine 

if failure to observe filament formation arose from inability of CTP or dF-dCTP to induce 

the appropriate conformational change or if the substitution simply weakened the binding 

affinity of CTP and dF-dCTP. 
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The structural basis for the inhibition of ecCTPS by dF-dCTP serves as 

framework for further inhibitor design. The 2′-arabino fluorine group should be exploited 

in the future design of small molecule inhibitors for ecCTPS. It would also be of interest 

to investigate the inhibition of the two human isoforms of CTPS by dF-dCTP and other 

fluorinated CTP analogues such as sofosbuvir-5′-triphosphate. The ecCTPS amino acid 

sequence shares 40% identity with human hCTPS1 and X-ray crystal structures show 

conservation of structurally and functionally important residues (Endrizzi et al., 2004; 

Kursula et al., 2006; Yamauchi et al., 1990). The two human isoforms share 75% 

sequence identity but have distinct physiological roles. hCTPS1 filaments assemble in an 

‘active’, substrate-bound conformation (Lynch et al., 2017) whereas hCTPS2 filaments 

dynamically switch between substrate- and product-bound conformations to produce 

highly cooperative regulation (Lynch & Kollman, 2020). It is unknown whether dF-dCTP 

is capable of inducing conformational changes in hCTPS1 & 2 that promote filament 

formation or disassembly. Understanding the structural consequences of dF-dCTP 

binding to hCTPS in general may be necessary for the further development of anticancer 

drugs based on CTP or dF-dCTP analogues (Lynch et al., 2021). 
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CHAPTER 5: GENERAL METHODS 

5.1 MATERIALS 

All chemicals, unless stated otherwise, were from Sigma-Aldrich Canada Ltd. 

(Oakville, ON, Canada). GTP, araATP, and ribavirin-5′-triphosphate were purchased 

from Jena Bioscience (Jena, Germany). NaCl, Tris base, bis acrylamide, sodium 

bicarbonate, hydroxylamine hydrochloride, acetonitrile, and dialysis tubing were 

purchased from Fisher Scientific (Ottawa, ON, Canada). Tryptone, yeast extract, 

ampicillin, IPTG, imidazole, SDS, TEMED, and EGTA were purchased from Bishop 

(Burlington, ON, Canada). Sofosbuvir-5′-triphosphate (STP) was purchased from 

Toronto Research Chemicals (Toronto, ON, Canada) and Sierra Bioresearch (Tucson, 

AZ, USA). β-D-2′-deoxy-2′-α-F-2′-β-C-methyluridine was obtained from SynInnova 

(Edmonton, AB, Canada) and β-D-2′-deoxy-2′-α-F-2′-β-C-methylcytidine was obtained 

from BLDpharm (Cincinnati, OH). His·Bind resin (Novagen) was purchased from EMD 

Millipore (San Diego, CA, USA). Protein purification columns and APS were purchased 

from Bio-Rad (Mississauga, ON, Canada). For HPLC experiments, a Waters 510 pump 

and a controller were used for solvent delivery. Injections were made using a Rheodyne 

7725i sample injector fitted with a 20-µL injection loop, and a Waters 486 absorbance 

detector was used to detect nucleotides. Kinetic studies were conducted using an HP 8453 

UV-vis diode array spectrophotometer. Quartz cuvettes were purchased from Hellma 

analytics (Müllheim, Germany). High resolution (HR) electrospray ionization (ESI) mass 

spectra (MS) were collected using a Bruker microTOF Focus orthogonal ESI-TOF mass 

spectrometer instrument operating in negative mode. 
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1H NMR spectra were obtained using a Bruker AV 500 MHz spectrometer at the 

Dalhousie University Nuclear Magnetic Resonance Research Resource Centre (NMR-3). 

Transmission electron microscopy was conducted at the Faculty of Medicine EM Core 

Facility at Dalhousie University. Copper 200 mesh grids (Edge Scientific, ON, Canada) 

were formvar and carbon-coated by Mary Ann Trevors.  

 

5.2 EXPRESSION AND PURIFICATION OF RECOMBINANT ecCTPS 

Wild-type ecCTPS was purified from E. coli BL21(DE3) cells transformed with 

the pET-15b-CTPS1 plasmid as described previously (Bearne et al., 2001). Inoculums 

were prepared by culturing E. coli, transformed with pET-15b-CTPS, overnight at 37 ℃ 

in Luria-Bertani medium (LB: 1% w/v NaCl, 1% w/v tryptone, 0.5% w/v yeast extract, 

pH 7.5) containing 0.1 mg/mL ampicillin. This inoculum (10 mL) was added to LB 

medium (1 L), and cultures were grown with shaking at 37 ℃. When the cultures 

obtained an OD600 of 0.5-0.6, gene expression was induced by the addition IPTG to a 

final concentration of 1.0 mM. The cultures were grown for an additional 7-8 h at 37 ℃. 

The cells were harvested by centrifugation (3795 × g) for 10 min at 4 ℃. The supernatant 

was discarded, and the pellet resuspended in Binding Buffer (5 mM imidazole, 0.5 M 

NaCl, 20 mM Tris-HCl, pH 7.9). The cells were lysed by sonication (5 × 30 s with 30 s 

intervals on ice) with a Branson Sonifier 250 (power setting 5). The crude lysate was 

clarified by centrifugation at 146550 × g, for 35 min, at 4 ℃.  

Soluble ecCTPS bearing an N-terminal His6-tag was purified by metal ion affinity 

chromatography using established protocols (Novagen, 1997). Fractions were collected 

after washing the column with 25 mL of Binding Buffer and 15 mL of Wash Buffer (60 
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mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9). Elution of the desired protein was 

achieved with 6 mL of Strip Buffer (100 mM EDTA, 0.5 M NaCl, 20 mM Tris-HCl pH 

7.9). The fraction containing CTPS was dialyzed (MWCO of 12 000 - 14 000 Da) against 

assay buffer (70 mM HEPES buffer, pH 8.0, containing 0.5 mM EGTA, and 10 mM 

MgCl2), for 24 h at 4 ℃. Purity of recombinant enzyme preparations were assessed using 

SDS-PAGE (10%) analysis, and the enzyme concentration was determined using 

Bradford assays conducted according to the manufacturer’s directions (Bio-Rad 

Laboratories, Missisauga, ON) with bovine serum albumin standards. The N-terminal 

His6-tag was not removed from the protein. 

 

5.3 ENZYME ASSAYS 

CTPS activity was determined at 37 °C using a continuous spectrophotometric 

assay as previously described (Bearne et al., 2001). In brief, the rate of ecCTPS-catalyzed 

conversion of UTP to CTP was measured by following the change in absorbance at 291 

nm (ε = 1331 M–1cm–1) for 60 s. Saturating conditions of substrates are summarized in 

Table 5.1. Reactions were conducted in assay buffer and typically contained ecCTPS (20 

μg/mL) and nucleotides UTP and ATP at saturating conditions in a total volume of 0.3 

mL in a 0.2-cm quartz cuvette. Enzyme and nucleotides were pre-incubated at 37 °C for 2 

min followed by the addition of the ammonia source (Gln or NH4Cl) to initiate the 

reaction. For reactions using NH4Cl as the substrate (5.0-150 mM), KCl was used to 

maintain ionic strength at 0.25 M. The [NH3] present at pH 8.0 was calculated using a 

pKa (NH4
+) of 9.24 (i.e., [NH3] = 0.0575·[NH4Cl]total) (Iyengar & Bearne, 2003). For 

reactions using Gln as the substrate (0.05-6.00 mM), the concentration of GTP was 
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maintained at a saturating concentration. GTP-dependent activation assays were 

conducted using Gln (6.0 mM) as the substrate and varying the concentration of GTP 

(0.25-0.80 mM) with the concentrations of UTP and ATP saturating and CTPS 

concentrations of 14-70 μg/mL. The kinetic parameters for UTP (0 – 3.0 mM) were 

obtained by following Gln-dependent CTP formation with saturating concentrations of 

GTP and ATP, and concentrations of CTPS 60-80 μg/mL. The kinetic parameters for 

ATP (0 – 2.0 mM) were obtained by following Gln-dependent CTP formation with 

saturating concentrations of GTP and UTP, and concentrations of CTPS 60-80 μg/mL. 

The values of kcat and Km were determined by fitting eqn. 2 to initial velocity data using 

non-linear regression analysis and the program KaleidaGraph v. 4.02 from Synergy 

Software (Segel, 1975). Similarly, kcat, [S]0.5, and n (Hill coefficient) values for ATP, 

UTP, and STP as substrates were determined by fitting eqn. 3 to the corresponding initial 

velocity data (Koshland & Levitzki, 1974). For the activation and inhibition of CTPS by 

GTP, the values of KA, kact, and Kinhib were obtained by fitting eqn. 4 to the initial velocity 

data as described previously (Lunn et al., 2008). For the activation of CTPS by 

RBVNTP, the values of KA and kact were obtained by fitting eqn. 5 to the initial velocity 

data. Turnover numbers (kcat) were calculated using the molecular weight for the His6-

tagged, recombinant enzyme monomer of 62,911 Da calculated from the primary 

sequence using the ExPASy ProtParam program (Gasteiger et al., 2003). When substrates 

other than Gln or NH3 were varied, Km was replaced with [S]0.5. All kinetic parameters 

were determined in triplicate and average values are reported. The reported errors are the 

standard deviations. 
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Table 5.1. Saturating concentrations of ecCTPS substrates 

Nitrogen 

source 

substrate 

ATP UTP GTP Gln NH4Cl 

Gln 1.0 mM 1.0 mM 0.25 mM 6.0 mM - 

NH3 1.0 mM 1.0 mM - - 150 mM 
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5.4 INHIBITION ASSAYS 

IC50 values were determined by monitoring the rate of Gln- or exogenous NH3-

dependent CTP production in the presence of increasing amounts of inhibitor. Typically, 

all ligands were maintained at saturating concentrations in accord with Table 5.1 unless 

otherwise stated. Relative velocities (vi/vo) were fitted with curves in accord with eqn. 6 

to obtain values for IC50 and n. 

The inhibition of ecCTPS by various inhibitors (CTP, Chapter 2 & 4, N4-OH-

CTP, Chapter 2, ATPγS, Chapter 3, and dF-dCTP, Chapter 4) was studied. 

Competitive inhibition constants (Ki) were determined by following both the NH3- and 

Gln-dependent formation of CTP from UTP using either Gln (6.0 mM) or NH4Cl (150 

mM) as the nitrogen source in the presence of fixed concentrations of inhibitor. 

Michaelis-Menten plots were constructed for each concentration of inhibitor and eqn. 2 

was fitted to the Gln-dependent initial velocity data using non-linear regression analysis. 

Eqn. 3 was fitted to the NH3-dependent initial velocity data using non-linear regression 

analysis. Lineweaver Burk (double reciprocal) plots of Gln-dependent reactions were 

constructed by plotting the values of 
1

𝑣i
 against 

1

[S]
 in accord with eqn. 7. The apparent 

[S]0.5

𝑉max
 values, corresponding to the slopes of these lines (but derived from non-linear 

regression analysis of the Michaelis-Menten plots) were replotted against concentration 

of inhibitor to estimate the Ki. Alternatively, for NH3-dependent reactions, values of 
1

𝑣i
 

were plotted against 
1

[S]𝑛
 in accord with eqn. 8. The apparent 

[S]0.5
𝑛

𝑉max
 values derived from 

non-linear regression analysis of the Michaelis-Menten plots were replotted against the 

concentration of the inhibitor to estimate the Ki value.  
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5.5 ELECTRON MICROSCOPY 

The ability of nucleotide analogues to induce or disrupt filament formation by 

ecCTPS was assessed by TEM using a protocol similar to those described previously 

(Barry et al., 2014; McCluskey & Bearne, 2018a). ecCTPS (15 μM) was incubated in 

assay buffer and various nucleotide-5ʹ-triphosphates for 30 min at 37 °C. Samples were 

diluted 10-fold using assay buffer containing 50% glycerol before being deposited on 

Formvar-coated carbon grids (TAAB Laboratories, Berkshire, UK) for uranyl acetate 

(0.7%) staining. Negative stain transmission electron micrographs were obtained using a 

JEOL 1230 transmission electron microscope. 
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CHAPTER 6: CONCLUSIONS 

In this thesis, we (i) explored the effects of specific antiviral nucleotide analogues 

on the activity of ecCTPS, as well as their effects on filament formation by ecCTPS, (ii) 

the role of ATPγS as a ligand, and (iii) the inhibition of the C268A variant of ecCTPS by 

dF-dCTP to further our understanding of how dF-dCTP inhibits ecCTPS activity. 

The antiviral metabolites araATP and RBVNTP were recognized as a substrate 

and allosteric activator, respectively, although they demonstrated decreased catalytic 

effects relative to ATP and GTP. AraATP and RBVNTP afford possible mechanisms by 

which CTPS can remain active when intracellular pools of substrates are diminished and 

could assist in maintaining intracellular pools of CTP. STP was recognized as a substrate 

for amination, forming an alternative antiviral metabolite (4-NH2-STP), which may be 

incorporated into the viral RNA and lead to chain termination, thereby, providing an 

additional explanation for the antiviral activity of sofosbuvir. Similar to UTP, STP was 

able to disrupt filament formation. N4-OH-CTP was synthesized, purified, and shown to 

be an inhibitor of ecCTPS, although with decreased binding affinity relative to CTP. 

Similar to CTP, N4-OH-CTP was able to induce filament formation by ecCTPS, 

suggesting that when administered as an antiviral, in addition to causing mutations in the 

viral genome, N4-OH-CTP could reduce the intracellular CTP pools by inhibition of 

CTPS, thereby potentiating the antiviral effects of NHC. The effects that these 5′-

triphosphates of specific antiviral agents have on ecCTPS should be considered when 

assessing the antiviral prodrugs for the treatment of SARS-CoV-2.  

ATPγS was found to be a competitive inhibitor of ecCTPS. The Ki value when 

Gln was utilized as the nitrogen source was estimated to be 36.1 ± 1.7 µM with respect to 
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ATP, ~12-fold less than the most potent ecCTPS inhibitor to date (dF-dCTP). Despite the 

inhibition of ecCTPS activity by ATPγS, it alone cannot induce filament formation. 

Future investigations with ATPγS should include an analysis of the ATPγS-bound 

ecCTPS crystal structure, since it could reveal considerable information on the basis by 

which ATPγS inhibits ecCTPS. 

The C268A ecCTPS variant was created using site-directed mutagenesis and 

overexpressed. Comparison of the kinetic parameters (kcat, Km, and IC50 values for 

inhibition by CTP and dF-dCTP) of the purified C268A variant with those of wild-type 

ecCTPS revealed no differences arising as a result of the amino acid substitution. This 

indicated that conformational changes alone do not account for the tight-binding 

exhibited by dF-dCTP. The structural basis for the inhibition of ecCTPS by dF-dCTP 

serves as framework for further inhibitor design. 
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